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ABSTRACT 
Leaves must remain hydrated with a constant flow of water through the leaf if stomata are to 
remain open for CO2 acquisition during the day.  Thus, leaf hydraulic conductance (Kleaf), a 
measure of the leaf’s capacity to transport water to the sites of evaporation within the leaf, is 
closely linked and potentially limiting to photosynthesis.  Because transpiration and 
photosynthesis are affected by environmental conditions on both short and long time scales, the 
capacity of soybean Kleaf to acclimate to environmental conditions is of interest, particularly with 
regard to potential hydraulic limitations to photosynthesis.  This dissertation research examines 
the acclimation responses of soybean Kleaf to climate change environmental conditions and the 
dynamics of Kleaf on diurnal and season-long time scales.   
The acclimation of soybean Kleaf to growth at elevated [CO2], elevated temperature, and 
drought were examined in growth chamber studies and with field-grown soybean at the 
SoyFACE site in Champaign, IL.  Because the expected responses of photosynthesis and 
transpiration to elevated [CO2] and elevated temperature are well documented, we hypothesized 
that Kleaf would acclimate in line with photosynthesis and transpiration to remain in balance with 
water loss through the stomata.  However, Kleaf did not acclimate to growth at either elevated 
[CO2] or elevated temperature, despite reductions in stomatal conductance at elevated [CO2] and 
increased transpiration demand at elevated temperature.  Similarly, Kleaf did not acclimate to a 
soil moisture deficit, despite declines in both stomatal conductance and leaf water potential. This 
inability of Kleaf to acclimate to long-term environmental conditions could leave the leaf xylem 
more vulnerable to cavitation under extreme tensions in the water column, resulting from either 
very high transpiration demands or very low soil moisture that the continuing progression of 
climate change portend.   
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Soybean Kleaf proved to be more dynamic over both diurnal and seasonal time scales.  
Diurnal depressions in Kleaf have been reported in several species, and soybean has been 
previously reported to have anisohydric regulation of leaf water status, meaning that the stomata 
remain open for CO2 acquisition during high mid-day vapor pressure deficits at the cost of a 
decline in leaf water potential.  This suggests that soybean Kleaf would need to decline during the 
day, as low leaf water potential leaves the leaf xylem more vulnerable to cavitation.  Diurnal 
fluctuations in Kleaf were measured at four time points in field-grown soybean, grown at ambient 
and elevated [CO2] to test the hypothesis that elevated [CO2] would ameliorate a Kleaf decrease 
because of lower stomatal conductance at elevated [CO2].  Reflecting the pattern of leaf water 
potential over the course of the day, Kleaf declined over the course of the morning, remained low 
in the early afternoon, and sometimes began to recover by early evening, although elevated 
[CO2] did not affect Kleaf depression.  Using RNA-seq, 22 soybean aquaporin genes were found 
to be differentially expressed over the course of the day, suggesting that these proteins may play 
a role both in the diurnal depression in Kleaf and in refilling embolized vessels. 
Finally, the diurnal soybean transcriptome was analyzed using RNA-seq to determine 
what genes, or groups of genes, may contribute to diurnal and circadian cycles in plant function.  
30% of expressed soybean genes were found to be differentially expressed over the course of the 
day.  The functional groups with the most diurnally responsive genes included tetrapyrrole 
synthesis, C1 (methyl and formate) metabolism, and major CHO metabolism (starch and 
sucrose).  These changes were linked to typical diurnal cycles in soybean photosynthesis and 
metabolism, and diurnal expression patterns for individual genes in these categories were 
visualized with MapMan software. 
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Overall, this dissertation research illustrates that soybean Kleaf is dynamic over time in a 
predictable manner, but that it does not have the phenotypic plasticity to acclimate to changing 
environmental conditions in ways that reflect photosynthetic and gas exchange properties of the 
leaf.  It is likely that soybean Kleaf has been indirectly bred to be well in excess of what would 
limit gas exchange at current climate conditions, but this may result in hydraulic limitations to 
photosynthesis as climate change causes more frequent, extreme environmental conditions.  
Because Kleaf is dynamic over diurnal and seasonal time scales, future research may elucidate the 
mechanisms controlling these Kleaf changes and direct improvements to Kleaf to keep pace with 
needed photosynthetic increases for agricultural production. 
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CHAPTER 1 
General Introduction 
Leaf hydraulics 
Water flow through plants is driven by the water potential difference from soil water to 
the water surrounding intercellular air spaces in the leaf.  From this surface, water evaporates and 
diffuses through the stomata into the atmosphere.  Vapor pressure in the intercellular air space is 
virtually always saturated, so the rate of evaporation is determined by the vapor pressure deficit 
of the atmosphere and the conductance of the stomatal pore, and liquid water flow into the plant 
is then driven by the drop in water potential resulting from this evaporation.  To prevent 
desiccation, the plant must be able to conduct sufficient water from the soil through the entire 
plant to these surfaces. 
 Hydraulic conductance describes the efficiency of water flow through a whole plant, 
organ, or tissue, and it is calculated as  
        
where K is hydraulic conductance, J is the rate of water flow, and ΔΨ is the water potential 
difference across the tissue.  Hydraulic conductance is inverse to hydraulic resistance, and 
hydraulic resistances are additive in series, as resistances are in an electrical circuit.  Although 
leaves represent a small portion of the length of the hydraulic pathway, they can represent up to 
80% of resistance to water flow through the whole plant, giving leaf hydraulic conductance 
(Kleaf) significant control over plant water use (Sack and Holbrook 2006).   
Water enters the leaf through the petiole vascular system.  In higher plants, the leaf 
vascular system branches into an intricate network of minor veins, which are water’s exit points 
from the xylem.  The web-like redundancy of the minor vein network provides hydraulic security 
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for the leaf in case of vein damage by herbivores (Sack et al. 2008).  Water flow through the 
xylem is not impeded by hydrophobic membranes or other living cell contents, and conductance 
in the xylem depends on both the dimensions of the conduits and the properties of the conduit 
end walls (Sperry et al. 2005).  The relationship between conductance and conduit diameter can 
be described by Poiseuille’s law, which states that flow is proportional to the fourth power of the 
vessel radius.  Estimates of the portion of overall leaf hydraulic resistance attributed to the 
vasculature range from 25% to 86% (Gasco et al. 2004; Sack et al. 2004, 2005; Cochard et al. 
2004; Nardini et al. 2005).  Within the vascular system, up to half of the hydraulic resistance 
comes from the minor veins (Sack et al. 2004).  Although vein density is positively correlated 
with Kleaf, this is due to the increased surface for water exit from a denser vein network rather 
than a decrease in resistance within the network (Roth-Nebelsick 2001; Sack and Holbrook 
2006; Sack and Frole 2006).  This is demonstrated by a negative correlation between Kleaf and 
the maximum path length through the mesophyll from vein endings to intercellular air spaces 
across 43 evolutionarily and morphologically diverse plant species (Brodribb et al. 2007). 
 Once outside the xylem, water can travel apoplastically through cell wall matrices, 
symplastically through plasmodesmata, or transcellularly by flowing across cell membranes.  
These latter two paths are together referred to as the cell-to-cell pathway and require that water 
molecules cross at least two hydrophobic membranes, posing a large resistance to water flow.  
While it was once thought that water avoided the cell-to-cell pathway for this reason, recent 
research suggests that the cell-to-cell path could represent a significant portion of the hydraulic 
pathway in the transpiration stream (Sack and Holbrook 2006; Ye et al. 2008).  Integral to 
understanding the importance of the cell-to-cell pathway are aquaporins, a family of integral 
membrane proteins which selectively conduct water and other solutes, including CO2, urea, and 
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glycerol, across cell membranes (Maurel et al. 2008).  The number of different aquaporin genes 
varies by species; Arabidopsis has 33, maize has 35, and rice has 33 (Chaumont et al. 2001; 
Johanson et al. 2001; Sakurai et al. 2005).  Plant aquaporins are divided into five subfamilies:  
nodulin 26-like intrinsic proteins (NIPs), plasma membrane intrinsic proteins (PIPs), tonoplast 
intrinsic proteins (TIPs), and small basic intrinsic proteins (SIPs) (Kaldenhoff and Fischer 2006).  
PIPs in particular, localized to the plasma membrane, have been demonstrated to play a role in 
plant hydraulics and maintaining plant water status (Martre et al. 2001, 2002; Cochard et al. 
2007; Galmés et al. 2007). 
 While few plant aquaporins have been studied directly, several have been directly 
demonstrated to increase membrane permeability to water (Li et al. 2000, 2008; Siefritz et al. 
2004; Zhou et al. 2007; Vandeleur et al. 2009).  On the leaf level, this increased membrane 
permeability can increase cell-to-cell conductance and affect Kleaf.  The role of PIPs has been 
more extensively examined in roots, where reduction of aquaporin gene expression as well as 
chemical inhibition of aquaporin transport function have been shown to decrease root hydraulic 
conductance (Martre et al. 2001, 2002; Beaudette et al. 2007; Parent et al. 2009).  PIP gene 
expression has been shown to increase Kleaf in walnut (Cochard et al. 2007).  Furthermore, 
experiments inhibiting aquaporin gene expression and function show that transpiration (Sadok 
and Sinclair 2010b; Devi et al. 2012) and Kleaf decrease when aquaporin activity is blocked 
(Cochard et al. 2007; Shatil-Cohen et al. 2011).   
Water must cross the bundle sheath by the cell-to-cell pathway in all leaves, so bundle 
sheath architecture, and particularly the presence or absence of bundle sheath extensions, can 
have significant control over Kleaf (Scoffoni et al. 2008).  These bundle sheath extensions 
(BSEs), present in soybean leaves, connect the bundle sheath directly to the epidermis and 
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intercellular air spaces surrounding stomata, providing a direct path for cell-to-cell water 
transport (Wylie 1952; Zwieniecki et al. 2007; Scoffoni et al. 2008).  This allows greater 
hydraulic conductance between the xylem and leaf epidermis, but it also segments the leaves and 
prevents water vapor diffusion throughout the leaf, giving this type of leaf architecture the name 
heterobaric. 
While water potential differences are the driving force for water movement, the adhesive 
and cohesive properties of water molecules allow water to flow through the plant in a continuous 
column.  This column can usually withstand the highly negative pressures which are common 
during the day as high transpiration rates quickly pull liquid water from leaves, but under 
conditions of very high tension caused by extremely high evaporative demand or limiting soil 
water availability, the tension becomes higher than the column can withstand and cavitation 
occurs.  The air-filled conduit resulting from cavitation, called an embolism, is typically held 
within a single xylem vessel by the cohesion between water molecules in pit membranes, but the 
embolism renders that xylem pathway unable to conduct water until it can be refilled. 
Research overview 
Soybean is one of the most important crops worldwide, covering over 100 million 
hectares globally and worth over 64 billion dollars per year (Food and Agriculture Organization 
of the United Nations 2010).  In the United States, soybean is commonly grown in rotation with 
corn, and this soybean-corn agroecosystem covers more land area than any other ecosystem in 
the US.  Thus, the hydraulic properties and water use of soybean will have a major impact on 
hydrologic cycles on a regional and continental scale (Sellers 1997; Berry et al. 2010).  Research 
in leaf hydraulics, however, has been largely focused on tree species, with relatively little 
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attention paid to the annual crop species that cover large land areas and constitute the basis of the 
world food supply.   
The objectives of my research were to test the responses of soybean Kleaf to climate 
change and to characterize how Kleaf in soybean changes over short (diurnal) and long (seasonal) 
time scales.  To address the questions regarding climate change, experiments were carried out at 
the SoyFACE facilities with field-grown soybean grown in open-air elevated [CO2], temperature, 
and reduced precipitation plots, and each of these conditions was also tested in controlled-
environment growth chambers.  I tested the hypothesis that Kleaf would respond to changes in 
these environmental factors by acclimating to remain in proportion with leaf photosynthesis and 
stomatal conductance.  This led to three separate hypotheses:  (1) that Kleaf would decrease as an 
adjustment to the lower stomatal conductance in soybeans grown at elevated [CO2], (2) that Kleaf 
would increase to growth at elevated temperature to avoid hydraulic limitation as transpiration 
was higher, and (3) that Kleaf would decrease for soybeans grown in drought conditions to protect 
the already-strained transpiration stream from further risk of cavitation.  Overall, these 
experiments showed a consistent picture of soybean leaf hydraulics as a relatively unresponsive 
system, putting leaf water relations at risk as a result of inability to adapt to extreme conditions.   
The later chapters focus on the dynamics of soybean Kleaf over diurnal and seasonal 
timescales.  As soybean leaves quickly transition from full sun at the top of the canopy to being 
shaded by newer growth and more uncoupled from the atmosphere in the mid and lower canopy, 
photosynthesis and stomatal conductance tend to decrease, so we hypothesized that Kleaf would 
also decrease as the leaf aged over the growing season.  We also hypothesized that as vapor 
pressure deficit increases over the course of a single day, increasing the risk of cavitation, Kleaf 
would decrease.  Both these hypotheses were tested in the field, and the leaf age experiment was 
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also conducted in growth chambers.  The data collected show Kleaf to be dynamic with regard to 
diurnal and seasonal or leaf age-related cues.  To assess if changes in aquaporin gene 
transcription may also be contributing to Kleaf dynamics on a diurnal scale, RNA-seq was 
performed for the four time points at which Kleaf was measured.  This revealed some patterns in 
aquaporin gene expression, particularly with PIP genes, which could be contributing to either 
decreased hydraulic conductance through the mesophyll, or attempted vessel refilling in the late 
afternoon.  The transcriptome was also analyzed for general expression patterns among 
functional groups, which revealed diurnal regulation to be particularly important in pathways 
related to the light reactions of photosynthesis and major carbon metabolism. 
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CHAPTER 2 
Soybean leaf hydraulic conductance does not acclimate to growth at elevated [CO2] or 
temperature in growth chambers or in the field
1
 
Abstract 
Leaf hydraulic properties are strongly linked with transpiration and photosynthesis in many 
species.  However, it is not known if gas exchange and hydraulics will have coordinated 
responses to climate change.  Our objective was to investigate the responses of leaf hydraulic 
conductance (Kleaf) in Glycine max (soybean) to growth at elevated [CO2] and increased 
temperature compared with the responses of leaf gas exchange and leaf water status.  Two 
controlled environment growth chamber experiments were conducted with soybean to measure 
Kleaf, stomatal conductance (gs), and photosynthesis (A) during growth at elevated [CO2] and 
temperature relative to ambient levels.   These results were validated with field experiments on 
soybean grown under free-air elevated [CO2] (FACE) and canopy warming.  In chamber studies, 
Kleaf did not acclimate to growth at elevated [CO2], even though stomatal conductance decreased 
and photosynthesis increased.  Growth at elevated temperature also did not affect Kleaf, although 
gs and A showed significant but inconsistent decreases.  The lack of response of Kleaf to growth at 
increased [CO2] and temperature in chamber-grown plants was confirmed with field-grown 
soybean at a FACE facility.  Leaf hydraulic and leaf gas exchange responses to these two climate 
change factors were not strongly linked in soybean, although stomatal conductance responded to 
[CO2] and increased temperature as previously reported.  This differential behavior could lead to 
an imbalance between hydraulic supply and transpiration demand under extreme environmental 
conditions likely to become more common as global climate continues to change.   
                                                          
1
 Reprinted with permission from Locke AM, Sack L, Bernacchi CJ, and Ort DR (2013) Soybean leaf hydraulic 
conductance does not acclimate to growth at elevated [CO2] or temperature in growth chambers or in the field.  
Annals of Botany doi:  10.1093/aob/mct143. 
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Introduction 
A strong interdependency of leaf water transport capacity and photosynthetic capacity is 
expected from the principles of leaf gas exchange.  Under natural mesophytic conditions, leaves 
lose several orders of magnitude more water to the atmosphere than they acquire CO2 from the 
atmosphere.  Thus, leaves must resupply water to the sites of evaporation within the leaf 
mesophyll to enable the maintenance of open stomata for photosynthetic CO2 acquisition without 
desiccating the leaf.  Leaf hydraulic conductance (Kleaf) is a measure of water flow efficiency 
through the leaf and is defined as the water flux through the leaf per unit water potential driving 
force (Sack and Holbrook, 2006).  Across sets of  angiosperm species, Kleaf was found to 
positively correlate with maximum stomatal pore area per leaf area, mid-day stomatal 
conductance, photosynthetic electron transport rate, and light-saturated CO2 assimilation 
(Brodribb et al., 2007; Sack et al., 2003), suggesting evolutionary coordination between 
hydraulic and photosynthetic capacities of the leaf.  Indeed, dynamic coordination of leaf and 
plant hydraulic conductance with gas exchange and photosynthesis has been observed in 
numerous species in response to environmental perturbation.  Leaf net photosynthetic rates (A) 
were limited by whole-plant hydraulics under sufficient soil moisture conditions in Pinus 
ponderosa (Hubbard et al., 1999), and stomatal conductance (gs) was limited by whole-plant and 
shoot hydraulics in several different deciduous and evergreen tree species (Salleo et al., 2000; 
Nardini and Salleo, 2000).  Within given species, photosystem II quantum yield correlated with 
Kleaf on a diurnal cycle and also during leaf senescence (Brodribb and Holbrook, 2003, 2004).  
Kleaf plasticity has also been observed in response to dynamic changes in temperature and light 
(Sack et al., 2004; Scoffoni et al., 2008; Nardini et al., 2010), in some cases in coordination with 
A during growth under different environmental conditions (Brodribb and Jordan, 2011).    
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Atmospheric [CO2] is expected to exceed 550 ppm by mid-century and to drive increases 
of global temperature by 1-6° C (Meehl et al., 2007).  Elevated [CO2] almost always leads to a 
reduction of stomatal conductance (gs), lowering leaf- and canopy-level transpiration (Ainsworth 
and Long, 2005; Bernacchi et al., 2007).  A lower transpiration rate should permit the reduction 
of Kleaf with no penalty to photosynthetic rate at elevated [CO2].  Consistent with this 
expectation, whole-plant hydraulic conductance was reported to decrease in response to short-
term exposure to elevated [CO2] in chamber-grown Amaranthus hypochondriacus and Zea mays, 
as well as to long-term growth at elevated [CO2] for chamber-grown Glycine max (soybean) and 
Medicago sativa (Bunce, 1996; Bunce and Ziska, 1998).  Further, Kleaf decreased in Pinus taeda 
needles grown at elevated [CO2] with free-air concentration enrichment (FACE) (Domec et al., 
2009). 
The effects of elevated [CO2] on soybean have been studied extensively because of its 
importance as the world’s third most economically valuable agricultural crop (Food and 
Agriculture Organization of the United Nations, 2010).  With approximately 75 million acres of 
soybean planted annually in the United States, a thorough understanding of how soybean water 
relations respond to climate change is crucial to predicting how climate change will affect 
environmental processes and global food security.  A generally increases at elevated [CO2].  
However, in field-grown soybean the maximum velocity of carboxylation by ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco, Vc,max) tends to decrease during acclimation to 
growth at elevated [CO2], thus restricting the degree to which elevated [CO2] increases A (DM 
Rosenthal, USDA-ARS, Urbana, IL, unpubl. res.) .  Leaf gs consistently decreases at elevated 
[CO2], but no acclimation of gs to elevated [CO2] has been observed across a decade of study at 
the SoyFACE field site (Leakey et al., 2006).  The consistent decrease in upper canopy leaf gs 
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during growth at elevated [CO2] is accompanied by decreased canopy evapotranspiration for 
field-grown soybean (Bernacchi et al., 2007).  Despite the larger canopy leaf area for elevated 
[CO2]-grown soybean, the reduction in gs significantly decreased water flow through the canopy, 
coupled with only a slight and inconsistent water potential (Ψleaf) decrease, suggesting that Kleaf 
could be lower for soybean grown at elevated [CO2] without limiting A (Bernacchi et al., 2007).  
That hypothesis was also supported by a recent field study in which intrinsic water use efficiency 
(A/gs) was observed to increase for soybeans grown at elevated [CO2] (Ruiz-Vera et al., 2013).   
Temperature and vapor pressure deficit (VPD) are major determinants of 
evapotranspiration.  Global temperature increases throughout the 21
st
 century will result in 
increased evaporative demand, but projections for VPD are less certain (Meehl et al., 2007).  As 
temperatures rise with climate change, evapotranspiration (E) is likely to increase on a leaf area 
basis, as has been measured in soybean and Zea mays (Z Yang et al., 2012).  With higher 
transpiration demand, Kleaf could become limiting to A if it has insufficient capacity to adjust, 
thereby causing reduction of gs.  A recent study with soybean grown at increased temperature in 
the field indeed found that gs declined at higher temperatures, but intrinsic water use efficiency 
increased at higher temperatures due to biochemical properties of Rubisco (Ruiz-Vera et al., 
2013).  However, the stimulatory effect of temperature on photosynthesis declines at peak 
summer temperatures in many soybean-growing regions (DM Rosenthal, USDA-ARS, Urbana, 
IL, unpubl. res.), and A will decline even as E continues to rise.  There is evidence of a fast, 
reversible increase of Kleaf with rising temperature in Acer saccharum, Aesculus hippocastanum, 
and Quercus rubra relating to changes in the viscosity of water and of membrane properties 
and/or aquaporin activity (Sack et al., 2004; Nardini et al., 2010).  It is not known, however, if 
long-term growth at elevated temperature induces a more permanent increase in Kleaf.   
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Our objective in this study was to investigate the responses of Kleaf to growth at elevated 
[CO2] and temperature in soybean.  We hypothesized that for leaves grown at elevated [CO2], 
Kleaf will decrease to reduce costly investment in water transport capacity while maintaining 
Ψleaf, gs and A.  Furthermore, we hypothesized that for leaves grown at elevated temperature, Kleaf 
will increase to match higher E driven by an increase in VPD.  These hypotheses were tested in a 
two growth chamber experiments, one a factorial CO2 × temperature experiment, and the second 
focused on temperature responses alone.  Gas exchange parameters were measured along with 
Kleaf in these experiments.  These chamber experiments were validated using soybean grown 
under FACE for [CO2] and open-air, infrared temperature elevation in the field.  Because the leaf 
is a critical component in the transpiration pathway, knowledge of leaf hydraulic responses and 
limits is necessary to be able to predict the extent to which gas exchange can adjust under 
increasingly extreme environmental conditions. 
Materials and Methods 
Plant material and growth conditions 
For both chamber experiments, seeds of soybean cultivar 93B15 (Pioneer Hi-Bred, Johnston, 
IA), a variety with indeterminate growth, were planted in 14.5 L pots with LC-1 Sunshine mix 
(SunGro Horticulture Canada Ltd., Bellevue, WA). All seeds emerged from the soil within four 
days of planting.  For the CO2 × temperature factorial experiment, soybeans were germinated and 
grown in eight temperature- and CO2-controlled growth chambers inside a greenhouse; four 
plants were grown per chamber.  The chambers were constructed with aluminum frames and 
enclosed with clear acetate to allow entry of greenhouse light (Maherali and DeLucia, 2000).  
Natural light was supplemented with overhead lighting to reach approximately 750 µmol m
-2
 s
-1
 
of photosynthetically active radiation (PAR) at plant level inside the growth chambers.  The 
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experiment was conducted from January through May 2010, with two separate sets of plants 
grown in succession.  Measurements were taken on the youngest fully expanded leaves at 31, 36, 
and 43 days after planting in the first run of the experiment, and at 36, 38, and 43 days after 
planting in the second run of the experiment, so leaf developmental stage and leaf age were 
consistent for all measurements while plant age varied. Day length varied greatly over the course 
of the experiment, but supplemental lighting was provided for 12 hours a day.  [CO2] was 
continuously monitored in the center of each chamber and fumigation was automatically adjusted 
to sustain the target.  Treatments were applied in a 2 × 2 factorial design with [CO2] treatments 
of 400 (ambient) and 700 ppm (elevated) and daytime temperatures of 27° (ambient) and 31° C 
(elevated).  Elevated [CO2] and temperature treatments began at seed planting, so plants 
experienced their assigned treatment conditions for their entire lifespan.  Plants were randomly 
rotated among chambers weekly to reduce chamber effects, watered every other day, and 
fertilized twice weekly with 50% Long Ashton solution supplemented with 10 mM NH4NO3 
(Hewitt 1966).  In the CO2 × temperature experiment, we were unable to control humidity, but it 
was high enough in all treatments to occasionally produce condensation on the walls of the 
growth chambers.  High humidity may have obscured a possible response to temperature via 
VPD in the experiment.   
For the temperature-only experiment, plants were grown in eight controlled environment 
chambers (GC-15, Environmental Growth Chambers, Chagrin Falls, OH).  Twelve plants were 
grown in each chamber, and ambient and elevated temperature treatments were replicated in four 
chambers each.  Daytime temperatures were 25° C for ambient plants and 30° C for the elevated 
treatment; nighttime temperature was 22° C and [CO2] was 400 ppm for all plants.  Elevated 
temperature treatment began at seed planting, so plants experienced their assigned treatment 
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temperature for their entire lifespan.  Measurements were taken on the youngest fully expanded 
leaves at 32, 39, and 41 days after planting.  Plants were randomly rotated within chambers every 
two days and among chambers every four days to reduce chamber effects.  Light levels were 
approximately 1200 µmol m
-2
 s
-1
 PAR at plant height.  Plants were fertilized every other day 
with 50% Long Ashton solution supplemented with 10 mM NH4NO3.  Dataloggers were placed 
inside each chamber to record temperature and humidity at 15-minutes intervals (HOBO U12-
012, Onset Computer Corporation, Inc., Pocasset, MA).  In this chamber experiment, relative 
humidity was carefully controlled at 60% for both temperature treatments and continuously 
recorded, with an average VPD increase of 0.4 kPa for plants grown at elevated temperature 
(Fig.1). 
In 2010 and 2012, the same soybean cultivar 93B15 (Pioneer Hi-Bred, Johnston, IA) was 
planted at the SoyFACE facility in Champaign, IL in 0.38 m row spacing.  Planting occurred on 
27 May in 2010 and 15 May in 2012.  A detailed description of the field site and SoyFACE CO2 
fumigation method can be found in Rogers et al. (2004).  The [CO2] experiment was conducted 
in a completely randomized block design.  Each block consisted of two 20 m diameter rings, one 
at ambient [CO2] and one fumigated with pure CO2 to an elevated target [CO2].  In 2010, 
ambient [CO2] was 385 ppm and target elevated [CO2] was 585 ppm; in elevated plots, [CO2] 
was within 10% of the target 75% of the time.  In 2012, ambient [CO2] was 390 ppm. Elevated 
[CO2] treatment began by the time seedlings emerged from the soil and continued for the full 
growing season, so all leaves developed entirely under their assigned treatment conditions.  
Measurements were taken at 32 and 50 days after planting. 
In 2012, temperature elevation of 3.5° C above ambient was achieved by placing infrared 
heaters above the canopy as detailed in Ruiz-Vera et al. (2013).  Temperature treatment was 
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applied continuously from 7 days after planting, with two exceptions from 10-15 July and 12-16 
August, when electrical power was not available.  After power was restored, measurements were 
not taken until at least one new leaf had fully developed under the elevated temperature 
treatment.  Measurements were taken at 64 and 86 days after planting. 
Gas exchange 
Photosynthesis (A) and stomatal conductance (gs) were measured on the uppermost, fully 
expanded leaf on a plant using open-path gas analyzers equipped with a leaf chamber 
fluorometer (LI-6400, LI-COR Biosciences, Lincoln, NE).  Gas exchange was measured 
between 1200 h and 1400 h central standard time, as this typically corresponds to daily peak 
photosynthetic rates.  Plants were briefly removed from growth chambers for gas exchange 
measurement, but [CO2], temperature, and PAR were set equal to growth conditions for each 
plant.  Relative humidity in the gas exchange cuvette was maintained between 60 and 70%.  
Different LI-6400s were used for the CO2 × temperature chamber experiment and the 
temperature-only chamber experiment, but comparisons are only made between measurements 
taken with the same instrument.   
Leaf water potential 
Disks of 1.5 cm diameter were cut from uppermost mature leaves and sealed inside a stainless 
steel thermocouple psychrometer chamber within 15 seconds of cutting (Wescor C-30, Wescor, 
Inc., Logan, UT).  The psychrometer temperature was maintained at 22° C in a controlled-
environment chamber for 3 hours until equilibrium temperature was achieved, and then the water 
potential of the leaf disks was recorded using a data logger (Campbell CF-1000, Campbell 
Scientific, Logan, UT).  When predawn Ψleaf was measured in the CO2 × temperature 
experiment, leaves were collected between 500 h and 700 h.  In this experiment, twelve leaf 
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disks were sampled from the youngest, fully expanded leaf on each of two plants in each growth 
chamber.  These disks were divided evenly among four psychrometer chambers for water 
potential measurement.  Predawn Ψleaf is assumed to be equal to soil water potential and was 
used to confirm that the treatments did not result in large soil moisture differences.  There were 
only small differences in predawn Ψleaf, with values ranging from -0.44 MPa to -0.73 MPa across 
both experiments.  When midday Ψleaf was measured in the temperature-only chamber 
experiment, three leaves were sampled per growth chamber, and three leaf disks were punched 
per leaf and measured in one psychrometer chamber.  In this experiment, disks were sampled 
between 1300 h and 1400 h. 
Leaf hydraulic conductance 
Kleaf was measured using the evaporative flux method (Sack et al., 2002), with modifications as 
described below.  Leaves were cut at the base of the petiole immediately prior to turning on 
supplemental lighting for the growth chamber experiments or just prior to sunrise for the field 
experiments.  Sampling at that time ensured that all leaves were fully hydrated and any emboli 
acquired during the previous day were refilled, so maximum Kleaf could be measured for each 
treatment.  The youngest, fully expanded leaves were sampled for all measurements, so leaf age 
is consistent among all measurements, while plant age varied with the repeated sampling within 
experiments.  Leaves of this soybean cultivar fully mature in approximately eight days, so 
sampled leaf ages were within four days of each other, between the time the leaf becomes fully 
expanded and the time when it becomes shaded by a younger leaf above.   
Evaporative flux measurements were made in the lab at ambient [CO2] and about 25° C 
air temperature, so persistent but not quickly reversible effects of treatments were measured.  Cut 
petioles were submerged immediately in water and re-cut under water.  Crevices in the soybean 
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petioles were blocked with petroleum jelly, and petioles were wrapped in Parafilm (Pechiney 
Plastic Packaging Company, Chicago, IL) to ensure a tight seal with tubing that supplied water 
to the leaf (Tygon R-3603, Saint-Groban Performance Plastics Corporation, Paris, France).  This 
tubing was connected to a reservoir of ultrapure, partially degassed water situated on a high-
precision balance (XS 250, Mettler Toledo, Columbus, OH).  The leaf was then placed under 
halogen lighting, with a glass tray of water placed between the lamp and the leaf to absorb 
infrared radiation, allowing approximately 700 µmol m
-2
 s
-1
 PAR to reach the leaf.  A box fan 
was used to disrupt the leaf boundary layer, and water flow through the leaf was allowed to 
stabilize for at least 30 minutes.  When water flow reached steady state, top and bottom leaf 
surface temperatures were measured (Fluke 574 Precision Infrared Thermometer, Fluke 
Corporation, Everett, Washington; calibrated using a black body calibrator, BB701, Omega 
Engineering, Inc., Stamford, Connecticut, USA).  Leaf disks were subsequently removed for 
Ψleaf determination using thermocouple psychrometers as described above; 12 disks were 
measured per leaf in four psychrometer chambers.  Leaves were then photographed and leaf area 
was measured with ImageJ software (NIH, http://rsbweb.nih.gov/ij/).  Kleaf was calculated as flow 
rate/leaf water potential and normalized for leaf area and the effect of temperature on water 
viscosity (Yang and Tyree, 1993).  To increase throughput, four identical balances were 
connected to a 4-channel serial I/O interface (SDM-SIO4, Campbell Scientific, Inc., Logan, UT) 
which was linked to a data logger (CR1000, Campbell Scientific, Inc., Logan, UT).  This 
allowed water flow data from four leaves on four balances to be recorded in a single file and 
viewed simultaneously on a computer in real-time.  Approximately 15% of leaves wilted during 
evaporative flux measurement, and these values were not included in the analyses. 
Statistical analyses 
17 
 
The SAS MIXED procedure was used for all statistical analyses (SAS 9.1, SAS Institute, Cary, 
NC).  For each experiment, data from multiple measurements days were pooled and analyzed by 
repeated measures.  This accounted for variation due to measurement day, as measurements were 
taken from the same replicate chambers or plots on multiple days in each experiment.  [CO2] and 
temperature were always considered as fixed effects.  In chamber experiments, each group of 
plants within a chamber was a replicate, and plants within these groups were treated as 
subsamples. Because groups of plants were randomly rotated among chambers every four days, 
chamber effects were considered to be evenly distributed and were not included in the model.    
In field experiments, each treatment plot was a replicate, and plants within plots were considered 
as subsamples.  Plots were spatially blocked in the field, with one replicate of each treatment per 
block. 
Optimizing alpha 
To avoid unnecessarily high rates of Type II error, alpha values were optimized for hypothesis 
testing.  Instead of minimizing only Type I or Type II error, this approach minimizes the average 
of Type I and Type II error, and therefore the overall error rate, which is optimal for a study in 
which Type I and type II errors are considered to have equal consequence (Mudge et al., 2012).  
Degrees of freedom and Cohen’s f2 were inputs for R code provided by Mudge et al. (2012).  
Degrees of freedom were taken from the data sets, and Cohen’s f2 of 0.35 was chosen a priori as 
representing a large effect size and corresponding 26% of variance explained (Cohen, 1988).   
Based on the degrees of freedom in our study, the α values generated for hypothesis testing are 
higher than the standard α = 0.05 that is used to interpret most plant physiological data (Table 1).  
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Results 
Kleaf did not acclimate to growth at elevated [CO2] 
The Kleaf values obtained using the evaporative flux method were comparable to values 
observed in past studies with pot-grown soybeans and other herbaceous crop species (Sober, 
1997; Tsuda and Tyree, 2000; Sack and Holbrook, 2006).  In the CO2 × temperature experiment, 
growth at elevated [CO2] did not significantly affect Kleaf (p = 0.5466, df = 39) (Fig. 2A).  
Measurements with field-grown soybean showed similar results to the chamber experiment.  
Elevated [CO2] did not lead to a significant change in Kleaf for field-grown soybean under free-air 
CO2 enrichment (p = 0.9852, df = 3) (Fig. 3).   
Elevated [CO2] increased carbon gain at both ambient and elevated temperature 
Elevated [CO2] increased A by 23% in the CO2 × temperature experiment (p = 0.0009, df = 12) 
(Fig. 2C).  Elevated [CO2] decreased gs by 42% compared to ambient [CO2] (p = 0.0093, df = 
12) (Fig. 2D).   
Growth at elevated temperature did not alter Kleaf 
In the CO2 × temperature experiment, increased temperature did not change Kleaf (p = 0.4213, df 
= 39) (Fig. 2A).  Similarly, in the temperature-only chamber experiment, growth temperature did 
not alter Kleaf (p = 0.9542, df = 4) (Fig. 3).  Elevated temperature also did not affect Kleaf for 
field-grown plants in 2012 (p = 0.8002, df = 7) (Fig. 5).  Additionally, in the growth chamber 
experiment, midday Ψleaf was not significantly altered by elevated temperature (p = 0.6731, df = 
2) (Fig.4B). 
Temperature did not consistently affect gas exchange 
In the CO2 × temperature experiment, temperature did not have a significant effect on A (p = 
0.8691, df = 12) or gs (p = 0.7828, df = 12) (Fig. 2B, C).  Growth at elevated temperature also 
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did not affect A (p = 0.4589, df = 2) or gs (p = 0.8128, df = 2) in the temperature-only chamber 
experiment (Fig. 4). 
For each experiment, data for individual measurement days were also analyzed 
individually.  Kleaf across treatments was statistically different for measurement days in the 
temperature-only chamber experiment (p = 0.01, df = 2) and in the [CO2] field experiment (p = 
0.06, df = 13).  Some variation was present in these data which was not consistent or significant 
across experiments; these results are presented separately (Appendix A). 
Discussion 
To our knowledge, we present the first measurements of Kleaf and its coordination with gas 
exchange in response to temperature and [CO2] for field-grown soybean.  Kleaf in field-grown 
soybean was maintained within a stable range of values for plants grown under open-air CO2 
fumigation or temperature elevation (Fig. 3, 5).  Although there was some variation between 
measurement days for pooled data sets in the temperature chamber experiment and the [CO2] 
field experiment, this variation could not be attributed to any known factor in these experiments, 
and these differences were accounted for in the statistical analyses. 
Because Kleaf measurements were made at ambient indoor [CO2] while leaves developed 
at either ambient (385 ppm) or elevated (585 ppm) [CO2], our inferences are restricted to 
acclimation which would have occurred over the course of leaf development rather than 
instantaneous, rapidly reversible effects of [CO2].  The findings of a consistent Kleaf across 
growth [CO2] levels in growth chambers and in the field did not support the hypothesis that Kleaf 
would be reduced at elevated [CO2] to match the decline of gs and transpiration (Fig. 2, 3).  Our 
data also suggested that the 46% decrease in whole-plant hydraulic conductance at elevated 
[CO2] previously reported from a chamber experiment with soybean (Bunce, 1996) likely did not 
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involve a contribution from the leaves.  Although that previous study did not measure Kleaf, it 
reported a much greater [CO2] effect on stem hydraulic conductance than on root hydraulic 
conductance.  In our study, gas exchange parameters responded as expected to elevated [CO2], 
with gs decreasing and A increasing.  That these responses were not reflected in Kleaf 
measurements indicates that soybean leaf gas exchange and leaf hydraulics are not closely 
coupled in their ability to acclimate to environmental conditions, and that Kleaf itself was not 
mechanistically influenced by growth [CO2] in the ways that have been recently hypothesized 
(Flexas et al., 2012), for example, due to developmental acclimation of  aquaporin/CO2-porin 
activity.  Notably, the high Kleaf relative to gs in plants grown at high [CO2] could contribute to 
drought tolerance.  Plants undergoing the onset of soil drying, or increases in VPD, can better 
maintain open stomata given high Kleaf relative to gs (Brodribb and Jordan, 2008; Osborne and 
Sack, 2012).  Furthermore, this insensitivity of Kleaf to growth [CO2] suggests that Kleaf was not 
limiting gas exchange under either the ambient or elevated [CO2] conditions tested in this study, 
which included field conditions.   
Kleaf was similarly unresponsive to growth at elevated temperature (Fig. 4A, 5).  Kleaf has 
consistently been observed to increase with temperature in other studies, both at the timescale of 
minutes during measurement for A. hippocastanum, A. saccharum, and Q. rubrum (Sack et al., 
2004; Nardini et al., 2010) and with varying in situ leaf temperatures in Tilia cordata (Sellin and 
Kupper, 2007).  While Kleaf did not show acclimation to growth at increased temperature in this 
study, evapotranspiration has been observed to increase for soybeans grown at elevated 
temperature in a chamber study (Allen et al. 2003).  This finding suggests a lack of coordination 
of hydraulic and stomatal plasticity in soybean leaves.   
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Since the CO2 and temperature treatment differentials were not maintained during Kleaf 
measurements in this study, it is possible that soybean in a high temperature environment does 
have a higher Kleaf, but that this effect is transient and fully reversed when steady state was 
reached during the evaporative flux measurement.  If so, this would suggest a lack of phenotypic 
plasticity for response to temperature in the structural components of the leaf which influence 
Kleaf, such as vein density (Sack and Frole, 2006; Brodribb et al., 2007).  A previous study of the 
effect of  growth [CO2] on Quercus petraea (350 ppm versus 700 ppm) found no effects on vein 
density though stomatal density was reduced at high CO2 (Uhl and Mosbrugger 1999), results 
analogous to our findings for Kleaf and gs in soybean. By contrast, elevated growth temperature 
was reported to increase Kleaf in Populus tremula when measurements were taken at a constant 
temperature (Aasamaa et al., 2005), and vein density is often found to increase in leaves grown 
under higher temperatures (Uhl and Mosbrugger 1999; Sack and Scoffoni 2013).  Beyond vein 
density, the limited capability to adjust realized leaf hydraulic capacity observed in soybean may 
relate to its being an herbaceous annual bred under strong artificial selection.  Greater Kleaf 
plasticity could also be more adaptive in tall plants than in short, herbaceous species.  In 
Sclerobium paniculatum, taller individuals had lower maximum Kleaf and lower Kleaf vulnerability 
than shorter individuals (Zhang et al., 2009).  As cultivated soybean is short with ancestors that 
were vines, there may be less penalty for overall lack of hydraulic plasticity in the shoot. 
In summary, our data suggest a lack of phenotypic plasticity in soybean Kleaf during 
growth at elevated [CO2] and temperature.  The responses of Kleaf and gas exchange to [CO2] and 
temperature do not appear to be mechanistically coordinated in soybean.  This independence 
allows a shift in hydraulic supply relative to demand, such that plants grown at high [CO2] have 
high Kleaf relative to gs, and thus would be able to sustain higher gs and A during declines in soil 
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water potential or high VPD.  As gas exchange and leaf hydraulic conductance appear to be 
acting independently of each other in these studies, it is likely that Kleaf is not limiting to gas 
exchange under the conditions tested in these experiments.  However, if Kleaf cannot be increased 
under elevated temperature, then it is possible that Kleaf could limit the delivery of water to points 
of evaporation within the leaf and thereby lead to a decline in leaf water potential, and a 
reduction of gs, that would limit A under such extreme weather conditions as are projected to 
become more frequent during this century (Meehl et al., 2007).  Such a hydraulic limitation 
could be responsible for an increase in stomatal limitation to A at high temperatures, as had been 
previously observed in a study with field-grown soybean (DM Rosenthal, USDA-ARS, Urbana, 
IL, unpubl. res.).   
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Table 1.  Optimal alpha and beta values used for hypothesis testing.  Values were calculated 
according to Mudge et al. (2012); inputs were degrees of freedom from data set and Cohen’s f2 
of 0.35, chosen a priori.  Degrees of freedom for each data set can be found in the upper right 
corner of graphs. 
degrees of freedom optimal alpha optimal beta 
2 0.38 0.40 
7 0.25 0.30 
12 0.18 0.21 
39 0.04 0.05 
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Figure 1.  Average vapor pressure deficit (VPD) calculated from the four control and four 
elevated temperature chambers on every day of the experiment, beginning at planting.  
Temperature and relative humidity was logged at 15 minutes intervals; VPD was calculated for 
each of those intervals and then averaged over each 14-hour daylight period.  Black circles 
represent ambient temperature chambers (25° C) and grey circles represent elevated temperature 
chambers (30° C).  Relative humidity for all chambers was set at 60%, although chamber 
dehumidification was insufficient to maintain this level as plants grew.  Thus, relative humidity 
increased slightly and VPD decreased slightly over time. 
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Figure 2.  Leaf hydraulic conductance (Kleaf), photosynthesis (A), and stomatal conductance (gs) 
for the CO2 x temperature chamber experiment.  Measurements were taken with youngest, fully 
expanded leaves.  Growth [CO2] was 400 ppm (ambient) or 700 ppm (elevated), and growth 
temperature was 27° C (ambient) or 31° C (elevated).  Kleaf was measured for leaves sampled 
before sunrise, while A and gs were measured at midday on the previous day.  Asterisks denote a 
significant treatment effect, and degrees of freedom for each data set are noted in the upper right 
corner of the graphs.  Alpha levels for each hypothesis test can be found in Table 1.   
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Figure 3.  Leaf hydraulic conductance (Kleaf) for field-grown soybean under free-air [CO2] 
enrichment (FACE).  Youngest, fully expanded leaves were sampled pre-sunrise from ambient 
and elevated [CO2] plots.  [CO2] did not affect Kleaf.  Alpha levels for each hypothesis test can be 
found in Table 1. 
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Figure 4.  Leaf hydraulic conductance (Kleaf), midday leaf water potential (Ψleaf), photosynthesis 
(A), and stomatal conductance (gs) for the temperature-only chamber experiment.  Measurements 
were taken with youngest, fully expanded leaves. Daytime growth temperature was 25° C 
(ambient) or 30° C (elevated).  Kleaf was measured for leaves sampled before daytime growth 
lights turned on, while Ψleaf, A, and gs were measured at midday on the previous day.  Degrees of 
freedom for each data set are given in the corner of each panel.   Alpha levels for each hypothesis 
test can be found in Table 1. 
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Figure 5.  Leaf hydraulic conductance (Kleaf) for field-grown soybean.  Temperature was 
ambient or elevated to 3.5° C over ambient with infrared heaters.  Youngest, fully expanded 
leaves were sampled pre-sunrise from control plots and heated plots.  Temperature did not affect 
Kleaf.  Alpha levels for each hypothesis test can be found in Table 1.
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CHAPTER 3 
Leaf hydraulic conductance in soybean does not acclimate to prevent decreases in stomatal 
conductance and stomatal limitation of photosynthesis during drought 
Abstract 
Drought frequently limits crop productivity by reducing stomatal conductance, restricting CO2 
availability for photosynthesis.  Although stomata respond to chemical signals from the roots, 
they also adjust to hydraulic cues within the leaf.  Leaf hydraulic conductance (Kleaf) thus 
influences stomatal conductance and photosynthesis, and the response of Kleaf to drought could 
contribute to either drought tolerance or vulnerability in a plant.  A decrease in Kleaf could both 
promote stomatal closure and limit the decline of leaf water, reducing the vulnerability of leaf 
xylem to cavitation at low leaf water potentials.  In this study, the effect of drought on Kleaf was 
examined in both field and chamber experiments.  It was found that despite decreases in stomatal 
conductance and leaf water potential, Kleaf did not acclimate to drought either in growth 
chambers or in the field.  The lack of acclimation of Kleaf to drought could leave the leaf xylem 
more vulnerable to cavitation at high mid-day vapor pressure deficit, risking complete stomatal 
shutdown during drought conditions. 
Introduction 
Drought is the main yield-reducing environmental stress facing crops (Boyer 1982).  
Rising atmospheric [CO2] and other greenhouse gases are exacerbating environmental stress by 
altering global climate patterns, which is expected to increase the frequency of extreme weather 
events, including drought (Burke et al. 2006; Meehl et al. 2007) in many important agricultural 
regions around the world.   The percentage of global crop land affected by yield-reducing 
drought each year has been increasing since 1960 (Li et al. 2009).  For soybean, drought 
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occurrence correlated with yield loss over an 80-year time period in Illinois and Indiana, two 
major soybean-growing states, especially when the drought occurred during seed filling (Mishra 
and Cherkauer 2010).   
Leaf hydraulic conductance (Kleaf) describes the capacity for water transport through the 
leaf.  Leaves are a major control point for water movement to the stomata, as 30-80% of 
resistance to water flow through the plant occurs in leaves (Sack and Holbrook 2006).  Root and 
stomatal responses have been the subject of extensive drought stress research, but much less is 
understood about the impact of drought on leaf hydraulic pathways (Chaves et al. 2003).  
Abscisic acid (ABA) is synthesized with roots in contact with dry soil, and is transported to 
leaves via the xylem.  There, the ABA biochemically signals guard cells to increase their turgor, 
reducing stomatal conductance (Kim et al. 2010).  However, stomata also respond to leaf water 
status, which is largely controlled by Kleaf (Tardieu and Davies 1993).  Thus, leaf hydraulics are 
especially important to leaf water status during times of stress, and recent evidence suggests that 
ABA-induced changes in Kleaf can influence stomatal conductance via bundle sheath-controlled 
changes in leaf water status, independently from the chemical ABA signal sensed by guard cells 
(Shatil-Cohen et al. 2011; Pantin et al. 2013).   
Low Kleaf under normal soil moisture conditions could protectively restrict stomatal 
conductance, which would conserve soil moisture, and prevent profligate water loss when soil 
moisture becomes low.  This latter effect was demonstrated in Fraxinus ornus trees, which had 
lower Kleaf at sites with high drainage soils (Gortan et al. 2009).  During severe drought, 
tracheary element cavitation is likely to occur at high xylem tensions, reducing Kleaf (Machado 
and Tyree 1994; Meinzer 2002), but genotypic differences in hydraulic properties among 
cultivars or clones can affect drought tolerance within a species.  Lower intrinsic hydraulic 
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conductance could lessen the plant’s vulnerability to cavitation in drought conditions, as has 
been demonstrated in Eucalyptus globulus and in Glycine max (soybean) (Silva et al. 2004; 
Sadok and Sinclair 2010a).   
In some species stomata show a direct decrease in response to Ψleaf, while Kleaf does not 
decrease until a threshold Ψleaf is reached, thereby delaying extensive vessel cavitation (Nardini 
and Salleo 2000; Cochard 2002; Brodribb and Holbrook 2003a).  However, Kleaf decreases with 
soil drying in many woody and herbaceous species (Linton and Nobel 2001; Brodribb and 
Holbrook 2003a; Lo Gullo et al. 2003; Blackman et al. 2009; Ferrio et al. 2012).  Kleaf also 
declined with leaf water potential (Ψleaf) across a range of deciduous and evergreen trees and 
shrubs (Nardini et al. 2001; Brodribb and Holbrook 2006; Johnson et al. 2011, 2012; Guyot et al. 
2012; Bucci et al. 2012). In these studies, Kleaf decreased in desiccating, severed leaves, 
indicating that the hydraulic response to Ψleaf decline is not necessarily wholly dependent on 
signals from the roots.  Similarly, vapor pressure deficit-induced xylem cavitation resulted in 
stomatal closure for Laurus nobilis L. plants grown in constantly wet soil (Salleo et al. 2000).  In 
Helianthus annus, Helianthus canariensis, Raphiolepis indica, and Alberta magna, a larger 
percentage of Kleaf was lost as Ψleaf declined when leaves were at high irradiance compared to 
low irradiance, which may in part be attributed to higher vulnerability to cavitation when Kleaf is 
higher (Guyot et al. 2012).   
As elevated [CO2] generally decreases stomatal conductance, it could protect the plant 
from drought by conserving soil moisture as well as slowing the decrease of Ψleaf under 
conditions of limited water or high vapor pressure deficit (Allen et al. 1998, 2003; Leakey et al. 
2006).  Elevated [CO2] has been observed to decrease hydraulic conductance of either whole 
plants or leaves in several species (Bunce 1996; Bunce and Ziska 1998; Domec et al. 2009).  
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However, we have previously observed a lack of Kleaf acclimation to growth at elevated [CO2] 
for field-grown soybean while stomatal conductance consistently decreased (Leakey et al. 2006; 
Locke et al. 2013).  Thus, restricted transpiration during growth at elevated [CO2] could protect 
against Kleaf decline during drought. 
In this study, we tested the hypotheses that soybean Kleaf will decline during drought and 
that growth at elevated [CO2] will protect leaves from experiencing this decline.  Experiments 
were conducted both in the field under open air conditions as well as in environmentally 
controlled growth chambers.  Because of the link between leaf hydraulics and gas exchange, 
measuring the responses of Kleaf to declines in soil moisture could help predict hydraulic 
limitation to photosynthesis during drought 
Materials and Methods 
Plant material and growth conditions: DRI-FACE 
The field experiment was conducted at the SoyFACE field site in Savoy, IL.  Soybean cultivar 
93B15 (Pioneer Hi-Bred, Johnston, IA) was planted on 27 May 2010 in 15-inch row spacing 
(30,000 plants/hectare), and elevated [CO2] fumigation began on 9 June 2010 and continued 
through senescence.  Soybean was grown in rotation with corn, and according to standard 
agricultural practice in central Illinois, no irrigation was applied to soybean fields.  CO2 was 
fumigated with a target of 585 ppm in elevated [CO2] plots as described by Leakey et al. (2004).  
The drought by rain interception (DRI) treatment was implemented with retractable 15 ft. x 30 ft. 
rain interception awnings placed within the ambient and elevated [CO2] plots.  The awnings were 
controlled by a computer and deployed automatically when precipitation was detected by rain 
sensors and photosynthetically active radiation (PAR) was below 50 µmol m
-2
 s
-1
, as described in 
detail by Gray et al. (2013).  This low light threshold ensured that at most 0.05% of growing 
33 
 
season PAR was intercepted by the awnings (Gray et al. 2013).  Intercepted rain was diverted 20 
m away from the reduced precipitation (RP) plots by gutters.  This rain interception treatment 
resulted in a persistent and progressively increasing disparity between control precipitation (CP) 
and RP plots over the course of the growing season.  Ambient and elevated [CO2] treatments 
were applied in a randomized complete block design with four blocks, while precipitation 
treatments were applied as a split-plot within the ambient and elevated CO2 plots.   
Plant material and growth conditions:  chamber experiment 
Soybean cultivar 93B15 was planted in 14.5 L pots with LC-1 Sunshine growing mix (SunGro 
Horticulture Canada Ltd., Bellevue, WA).  Plants were watered every other day, except during 
dry-down periods for drought plants, with 50% Long-Ashton fertilizer solution (Hewitt 1966) 
augmented with 10 mM NH4NO3.  Plants were grown in four controlled environment growth 
chambers (GC-15, Environmental Growth Chambers, Chagrin Falls, OH) with a daytime 
temperature of 25° C, nighttime temperature of 22° C, and relative humidity set at 60%.  PAR 
was approximately 1000 µmol m
-2
 s
-1 
at the top of the canopy.  Six control plants and six drought 
plants were grown in each growth chamber.  Pots were rotated within growth chambers every 
other day and groups of pots were rotated among chambers every four days to minimize chamber 
effects.  In the experimental design, groups of plants were considered blocks (n=4), and drought 
and control treatments were considered split plots within blocks.   
 Drought treatment was created by withholding water for a period of 4-5 days, until 
drought plants began to visibly lose turgor.  Control pots were watered as normal during dry-
down periods.  Kleaf, gs, and Ψleaf measurements were taken at the end of each dry down period, 
and then all plants were re-watered.  Dry-down periods were spaced six days apart, to allow 
sufficient time for plants to re-hydrate and for a new leaf to mature in well-watered conditions. 
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Leaf water potential 
Leaf water potential was measured with thermocouple psychrometers, and samples for these 
measurements were taken early in the morning, before growth chamber lights turned on.  From 
each trifoliate leaf, three 1.2 cm diameter disks were removed from the leaf lamina, avoiding 
major veins and leaf margins.  Within 15 seconds of cutting, all three disks were sealed together 
into a stainless steel chamber housing a thermocouple (C-30, Wescor, Inc., Logan, UT).  
Psychrometer chamber temperatures were allowed to equilibrate to 25° C for 2.5-3 hours, and 
then water potential was recorded by a datalogger (CR-7, Campbell Scientific, Logan, UT).  
Twelve leaves were sampled for each treatment. 
Kleaf 
Kleaf was measured with the evaporative flux method, in which water flow through the leaf as a 
result of transpiration is measured (Sack et al. 2002).  In the field and in growth chambers, leaves 
were severed from the plant at the base of the petiole and immediately placed in a tube of 
distilled water.  In the field, leaves were sampled before sunrise, and in growth chambers, leaves 
were sampled before growth chamber lights turned on for the day.  Leaves were transported to 
the lab inside a cooler and petioles were re-cut under distilled water upon returning to the lab.  
Petioles were connected to degassed, ultrapure water on a high-precision balance (XS250, 
Mettler-Toledo) via tubing (Tygon R-3603).  The petiole-tubing connection was sealed by 
blocking crevices in the petiole with petroleum jelly and subsequently wrapping the petiole in 
Parafilm.  Immediately before insertion into tubing, Parafilm-wrapped petioles were re-cut under 
distilled, ultrapure water.  Leaves were placed under halogen lighting with 750 µmol m
-2
 s
-1
 
PAR, and a box fan disturbed the boundary layer.  The mass of water on the balance was 
recorded at 30 second intervals by a datalogger (CR-1000, Campbell Scientific, Logan, UT).  
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Leaves were allowed to transpire for at least 30 minutes to acclimate to light and temperature 
conditions in the lab.  Four balances were connected to a single datalogger, so that flow rates 
could be monitored for four leaves simultaneously on a single computer screen.  When the flow 
rate stabilized, the leaf temperature was measured with an infrared thermometer (Fluke 574, 
Fluke Corporation, Everett, Washington), and the averaged flow rate from the last 10 balance 
readings before leaf removal was used to calculate Kleaf.  Final leaf water potential (Ψf), used to 
calculate Kleaf, was measured with thermocouple psychrometers as described above.  For Ψf 
determination, four psychrometer chambers per leaf were measured with three leaf disks per 
psychrometer chamber, and the resulting values were averaged.  Following Kleaf measurement, 
leaves were photographed, and leaf area was calculated from photographs using ImageJ software 
(freeware, National Institutes of Health).  Kleaf was normalized for leaf area and temperature 
(Yang and Tyree 1993; Sack et al. 2002).   
Stomatal conductance 
Stomatal conductance (gs) was measured in the growth chamber experiment at mid-day with a 
steady state diffusion porometer (Model SC-1, Decagon Devices, Pullman, WA).  The 
instrument was allowed to equilibrate to growth chamber conditions for at least 30 minutes 
before measurement, and measurements were taken on plants while inside the growth chamber.  
Abaxial conductance was measured on the uppermost fully expanded leaf for 12 plants per 
treatment.   
Soil moisture 
In the chamber experiment, soil moisture in pots was measured with a soil moisture meter 
equipped with 20 cm rods (FieldScout TDR 300, Spectrum Technologies, Inc., Plainfield, IL).  
Three soil moisture readings were taken in every pot and averaged.  Soil moisture was measured 
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prior to each dry-down period and at least every two days thereafter until drought plants visibly 
began to lost turgor, at which point Kleaf, Ψleaf, and gs measurements were taken.   
Statistical analyses 
Data were analyzed with SAS software using the MIXED procedure (SAS Institute, Cary, NC).  
In the field experiment, drought treatments were considered split-plots within [CO2] treatment 
plots, and blocks each contained one ambient and one elevated [CO2] plot.  In the chamber 
experiment, groups of plants which rotated among chambers together were considered blocks, 
and drought or control treatments were randomly assigned to individual plants within blocks.   
Results 
In the field, DRI awnings intercepted 41% of growing-season precipitation, resulting in 
soil moisture decreases of up to 50%, as reported in detail by Gray et al. (2013) (Fig. 7).  Kleaf for 
field-grown soybean decreased significantly over the course of the growing season (p < 0.0001).  
Predawn Kleaf decreased from an average across treatments of 15.4 mmol m
-2
 s
-1
 MPa
-1
 at 60 days 
after planting to 10.8 and 5.9 mmol m
-2
 s
-1
 MPa
-1
 at 76 and 97 days after planting (Fig. 6A and 
6B).  Therefore, treatment effects were analyzed separately for each measurement day.  Kleaf was 
not affected by persistent drought on any measurement day, and this was the case at both 
ambient (Fig. 1A) and elevated [CO2] (Fig. 6B).  Kleaf was lower for elevated [CO2] plants than 
for ambient [CO2] plants on day 76 (p = 0.0208, Fig. 6A and 6B), but [CO2] did not affect Kleaf 
on the other two measurement days.   On day 76, the difference in Kleaf between [CO2] treatments 
was primarily driven by the control precipitation plots, which had the highest Kleaf of all four 
treatments at ambient [CO2] and the lowest Kleaf of all four treatment combinations at elevated 
[CO2], whereas there was no difference between Kleaf for ambient and elevated [CO2] in drought 
plants. 
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In the growth chamber experiment, by withholding water for 4-5 days during each 
drought cycle, volumetric soil moisture was decreased by an average of 62% on day 38 and 66% 
on day 49 in the drought pots compared to control pots (Fig. 8).  This soil moisture deficit was 
sufficient to significantly decrease Ψleaf by 33% on day 38 (p = 0.0213) and 50% on day 49 (p = 
0.0546) (Fig. 9B).  Stomatal conductance (gs) was 24% and 66% lower on days 38 and 49 in 
drought than in control plants, a response to soil drying and Ψleaf (Fig. 10).  The gs decrease was 
only significant at α = 0.01 on day 49 (p = 0.0661).  However, despite declines in soil moisture, 
Ψleaf, and gs, Kleaf in drought plants was not different from Kleaf in control plants on either day (p 
= 0.37 and p = 0.95) (Figure 9A), although Kleaf for both treatments was higher on day 49 than on 
day 38.   
Discussion 
In these experiments, Kleaf was as unresponsive to short, sudden drought periods in growth 
chambers as it was to prolonged drought in the field.  The drought treatments imposed in the 
chamber experiments decreased both Ψleaf and gs, supporting the conclusion that Kleaf in soybean 
does not acclimate to prevent decreases in gs and stomatal acclimation to photosynthesis during 
drought.   
Because Kleaf was measured for both field-grown and chamber-grown plants sampled pre-
sunrise (or before growth lights turned on for the day), any embolism that may have occurred 
during the previous day had likely refilled overnight (McCully et al. 1998; S-J Yang et al. 2012).  
Thus, the observed Kleaf values in this experiment represent the maximum Kleaf as determined by 
venation architecture and transcellular pathways, and any difference in Kleaf between drought and 
control treatments would have been due to acclimation of the leaves to drought conditions rather 
than transient Kleaf depression by refillable embolism.  Acclimation by decreasing maximum Kleaf 
38 
 
could protect the leaf from daytime Kleaf decrease due to embolism (Sadok and Sinclair 2010b).  
Because no acclimation was observed, however, this soybean cultivar likely does not have 
phenotypic plasticity to respond to soil moisture conditions either by adjusting vein density 
during leaf development or by aquaporin regulation in mature leaves.  This is similar to the lack 
of Kleaf plasticity we have previously observed for soybean in response to growth at elevated 
[CO2] and temperature (Locke et al. 2013).  Because maximum Kleaf is the same for plants in 
both control and RP treatments while soil moisture is decreased, plants in the RP plots are likely 
more vulnerable to cavitation during transpiration, particularly when vapor pressure deficit is 
high during the middle of the day.  Diurnal cycles of embolism and vessel refilling driven by 
VPD are thought to occur frequently, and low soil moisture would increase midday tension in the 
xylem even further, causing more cavitation (Hacke et al. 2001). The inability of Kleaf to 
acclimate to decreasing soil moisture may cause soybean leaves to be vulnerable to increased 
cavitation during peak transpiration demand during the daytime.  This vulnerability could have 
been the reason behind the observed depression in midday gs in chamber-grown, water-stressed 
soybeans.  The decrease in gs without Kleaf depression suggests stomatal sensitivity to dry soil is 
a mechanism to protect against hydraulic failure (Brodribb and Holbrook 2004b). 
The reduction in soil moisture in the reduced precipitation treatment, which left the 
reduced precipitation plots with less rainfall than any year in the last 60 in the Champaign, IL 
area, led to mild leaf dehydration in the field, as Ψleaf dropped to -0.6 MPa (Fig. 9B).  Although 
the lowest average soil moisture achieved during dry-down periods for chamber-grown soybean 
was about 30% v/v, which is typically well above the permanent wilting point, there was enough 
variation in drought treatment pots that some drought treatment plants were already visibly 
losing leaf turgor.  Furthermore, the pots were watered with fertilizer that had a high solute 
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concentration, which likely made root water uptake more difficult for plants even at typically 
“healthy” soil volumetric water content. 
Contrary to previous findings, there was a slight difference in Kleaf between ambient and 
elevated [CO2] plants on one measurement day (Fig. 6), but this effect disappeared when the 
field data from all three measurement days were analyzed as a repeated measures model.   At this 
time in the growing season, 76 days after planting, there was no difference in soil moisture 
between ambient and elevated [CO2] plots that could have contributed to this difference in Kleaf 
(Gray et al. 2013), so the difference is thought to be a transient effect that likely had no impact 
on photosynthesis or water use on timescale of the whole growing season.  Kleaf did decrease 
over the course of the growing season, although it was always measured on uppermost, fully 
expanded leaves, which suggests that aging affects Kleaf, a topic that will require further 
investigation. 
The effects of drought on Kleaf in a major field-grown crop had not been previously 
examined, and taken together, these field and chamber experiments suggest that Kleaf in soybean 
does not acclimate to drought.  Because maximum Kleaf does not adjust to decreased soil 
moisture conditions, soybean leaves may be extra vulnerable to cavitation and loss of Kleaf during 
daytime transpiration when grown in drought conditions.  Thus, inability of Kleaf to acclimate to 
drought may have potential to limit stomatal conductance and photosynthesis under severe soil 
moisture deficit.  
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Figure. 6.  Kleaf for field-grown soybean grown in drought and control conditions under ambient [CO2] (A) and elevated [CO2] (B).  
Measurements were taken at 60, 76, and 97 days after planting.  Leaves were sampled pre-sunrise for Kleaf measurement, and Kleaf 
measurements were made using the evaporative flux method at ambient indoor [CO2].  No drought effect was observed, but elevated 
[CO2] decreased Kleaf at 76 days after planting. 
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Figure 7.  Redrawn from data in Gray et al. (2013) with permission of the authors.  Volumetric soil moisture around Kleaf measurement 
days in control and drought plots, under ambient and elevated [CO2], for two different soil depths:  (A) 5-15 cm below the surface, and 
(B) 35-45 cm below the surface.  Grey arrows indicate the dates on which Kleaf was measured in 2010.  Soil moisture was measured 
with a capacitance probe (Diviner-2000, Sentek Sensor Technologies, Stepney, SA, Australia) every 2-6 days at 10 cm increments, 
from 5 cm to 105 cm below the surface.  Lower soil layers showed less soil moisture variation among treatments. 
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Figure 8.  Soil volumetric water content (VWC) during dry-down periods for chamber-grown 
soybeans grown in LC-1 Sunshine soilless potting mix.  VWC was measured with a FieldScout 
TDR 300 soil moisture meter.  Dry-down periods continued until some drought plants became 
visibly wilted.  Following the first dry-down period and measurements, all pots were re-watered 
to allow the next leaf to develop under well-watered conditions. 
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Figure 9.  Kleaf (A) and Ψleaf (B) for chamber-grown soybean experiencing drought and control 
conditions.  Drought plants experienced a 4-5 day dry-down period prior to measurement, 
sufficient to reduce soil moisture by 61-66%.    After the first dry-down period and 
measurements, plants were re-watered for a week before beginning the second dry-down period. 
Asterisks denote a significant difference between drought and control treatments. 
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Figure 10.  Stomatal conductance (gs) for chamber-grown soybean experiencing drought and 
control conditions.  Drought plants experienced two separate 4-5 day dry-down period prior to 
measurement, sufficient to reduce soil moisture by 61-66%.    After the first dry-down period and 
measurements, plants were re-watered for a week before beginning the second dry-down period.  
Asterisks indicate significantly lower gs for drought plants (p < 0.01). 
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CHAPTER 4 
Leaf hydraulic conductance declines coordinately with gas exchange and leaf water status 
as soybean leaves age 
Abstract 
Photosynthesis requires sufficient water transport through leaves for stomata to remain open, as 
water transpires from the leaf while CO2 diffuses into the leaf.  Soybean leaves’ water needs 
change over time because of large microenvironment changes over their lifespan, as they mature 
in full sun, at the top of the canopy, and become progressively shaded by younger leaves 
developing above.  Leaf hydraulic conductance (Kleaf), a measure of the leaf’s water transport 
capacity, can often be linked to changes in microenvironment and transpiration demand.  In this 
study, we tested the hypothesis that Kleaf would decline coordinately with transpiration demand 
as soybean leaves.  Photosynthesis (A), stomatal conductance (gs), and leaf water potential (Ψleaf) 
were also measured at various leaf ages with both field- and chamber-grown soybeans.  Kleaf was 
found to decrease as soybean leaves aged from maturity to shading to senescence, and this 
decrease was strongly correlated with A.  Kleaf was also correlated with gs, although the 
relationship was not as strong as that with A.  Ψleaf also decreased as leaves aged, and this 
decrease was driven by changes in osmotic potential while turgor remained constant.  These 
results suggest that the acclimation of leaf hydraulics as leaves age keeps hydraulic supply in 
balance with demand. 
Introduction 
Plant water use is primarily driven by the loss of water through transpiration, an unavoidable 
consequence of allowing CO2 diffusion into leaves for photosynthesis.  Water requirements often 
change over the plant’s and leaf’s lifespan, as fluctuating microenvironments  alter transpiration 
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demand on daily and seasonal timescales (Hinckley and Ritchie 1970; Barrett et al. 1996).   In 
several deciduous and evergreen tree species, evapotranspiration decreases for older as leaves 
transitioned from young adult to senescent (Sobrado 1994).  Stomatal conductance (gs) is 
generally highest for the youngest leaf whorls of the rubber tree Hevea brasilensis, while the 
oldest whorls have the lowest gs (Kositsup et al. 2010).   These patterns have also been observed 
Gossypium hirsutum leaves, in which transpiration declines along with photosynthesis (A) as 
leaves aged (Constable and Rawson 1980).  A plant’s carbon needs and photosynthetic capacity 
also change throughout development.  In many species, A declines over the growing season after 
leaves have reached full expansion (Kriedmann et al. 1970; Aslam et al. 1977; Constable and 
Rawson 1980; Field and Mooney 1983; Vos and Oyarzun 1987).  In some cases, this decline has 
been shown to coordinate with gs.  In Solanum tuberosum, gs declined with A and leaf age, but 
the decrease in gs was greater, reducing intercellular [CO2] over time which limited A (Vos and 
Oyarzun 1987).  In H. brasilensis, gs was a stronger predictor of A than the maximum velocity of 
carboxylation by ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco, Vc,max) or 
maximum electron transport capacity (Jmax), suggesting that water transport could have been 
limiting A as leaves aged (Kositsup et al. 2010).   
 Leaf hydraulic conductance (Kleaf) is a measure of the efficiency of water transport 
through the leaf, calculated as water flux through the leaf divided by the water potential driving 
force.  Kleaf is dynamic and depends on resistance in the vascular system, as well as apoplastic 
and transcellular pathways through the bundle sheath and mesophyll (Sack and Holbrook 2006).  
Transcellular pathways are thought to be regulated by aquaporin membrane channel proteins 
(Maurel et al. 2008).  Xylem conduits have fewer direct regulatory mechanisms, but xylem 
conductance depends on anatomical properties such as conduit length and diameter, and cycles 
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of cavitation and embolism refilling can affect Kleaf on a daily basis (Canny 1997; McCully et al. 
1998; Holbrook et al. 2001).  Xylem blockage by tyloses has also been suggested to be a part of 
senescence (Cochard and Tyree 1990; Salleo et al. 2002).  Kleaf is strongly linked with A, as 
liquid water transport through the leaf is critical to maintain open stomata for carbon acquisition.  
Kleaf and maximum photosynthetic capacity are correlated across many species (Sack and 
Holbrook 2006).   
 Given its strong link with A and transpiration, hydraulic conductance is expected to 
change as leaves age.  Kleaf has been observed to decrease as leaves age in several evergreen and 
deciduous tree species (Salleo et al. 2002; Lo Gullo et al. 2005).  In two tropical tree species, 
Calycophyllum candidissimum and Rhedera trinervis, both Kleaf and stem hydraulic conductivity 
declined over the course of the growing season and were linked to photosystem II quantum yield 
(Brodribb and Holbrook 2003b).  Kleaf also decreased as whole trees aged in Pinus ponderosa 
(Hubbard et al. 1999), and leaf-specific plant hydraulic conductance decreases with increasing 
tree age in P. ponderosa and Pinus sylvestris L. (Mencuccini and Grace 1996; Hubbard et al. 
1999).  However, the dynamics of Kleaf with leaf age over a growing season have yet to be 
examined in an herbaceous species or an annual species, such as Glycine max (soybean).  As 
soybean is a protein and oilseed crop that is grown over 100 million hectares worldwide (USDA-
FAS 2010), the relationship of leaf hydraulics to season-long plant productivity in soybean could 
be of great importance to predicting future crop yields and planning crop improvements.  
Soybean leaves experience much more dramatic microenvironment changes over their lifespan 
than most tree leaves, as soybean leaves mature in full sun and quickly become shaded and 
shielded from wind and precipitation by newer leaves above in a dense canopy.  Thus, if a 
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season-long Kleaf decline exists, it may be even more drastic than in these tree species, and more 
likely to become limiting to photosynthesis. 
Soybean leaf photosynthetic capacity decreases over time as a result of acclimation to 
shading, and the lower light intensity underneath the canopy was also demonstrated to affect the 
onset of leaf senescence (Burkey and Wells 1991).  For soybean growing in pots, relatively 
unshaded by neighbors, A for lower-stem leaves quickly peaked as the leaves reached full 
expansion, and then showed a general decreasing trend punctuated by peaks at the onset of 
flowering and pod filling (Woodward and Rawson 1976).   Similarly, both adaxial and abaxial 
stomatal conductance of soybean peaked by the time leaves were 11 days old, and declined 
thereafter as leaves aged (Reich et al. 1985).  We hypothesized that Kleaf in soybean would be 
highest in young, mature leaves and would decrease as the leaves aged.  This was tested with 
field-grown and chamber-grown soybean.  Kleaf was measured at three points from maturity to 
senescence, as were A, gs, and Ψleaf.  Because photosynthesis is dependent on water transport 
through the leaf, a decrease in Kleaf could indicate a hydraulic component to photosynthetic 
decrease and leaf senescence.  Thus, this study will show if photosynthesis in older leaves could 
be hydraulically limited, which would lead to lower total canopy photosynthesis.   
Materials and Methods 
Plant Material and Growth Conditions 
For the field experiment, indeterminate soybean cultivar 93B15 in maturity group III (Pioneer 
Hi-Bred, Johnston, IA) was planted at the SoyFACE facility in Savoy, IL on 8 June 2011.  The 
experiment was conducted in six 6 m by 6 m blocks with no environmental manipulation.   The 
field was managed according to standard agricultural practices for central Illinois, with 
unfertilized soybean in yearly rotation with Zea mays (corn).  Rows were spaced 0.76 m apart, 
49 
 
and rows were thinned to one plant per 25 cm (density equal to 52,800 plants per hectare) when 
seedlings reached developmental stage VC.  Leaves at the third and tenth nodes from the ground 
were marked with flagging tape tied around their petioles as they emerged.  The field was not 
irrigated, and central Illinois experienced a progressively worsening drought during the 2011 
growing season.  Although other data have indicated that drought does not affect Kleaf for field-
grown soybean (unpublished results), the experiment was repeated in growth chambers with 
consistently well-watered plants to confirm that observed results were attributable to leaf age and 
not to drought. 
 For the chamber experiment, determinate soybean cultivar 154197 in maturity group 00 
(Pioneer Hi-Bred, Johnston, IA) was planted in 14 L pots on 11 January 2013.  This cultivar was 
selected to ensure that the plants did not outgrow the growth chambers.  Twelve plants were 
grown in each of eight growth chambers.  Chamber conditions from the time of seed planting 
were 25° C, 60% relative humidity, and approximately 1000 μmol m-2 s-1 PAR.  Plants were 
fertilized every other day with 50% Long-Ashton solution, amended with 10 mmol NH4NO3 
(Hewitt 1966).  Leaves at the fifth and eighth nodes from the soil were marked with flagging tape 
tied around their petioles as they emerged.  Plants were rotated within the growth chambers 
every two days and among the growth chambers every four days to minimize chamber effects. 
 Kleaf, Ψleaf, and gas exchange were measured at three developmental stages for leaves at 
each tagged node:  when the leaf was the youngest, fully expanded leaf on the plant, at the top of 
the canopy (stage A); when the leaf was older but still fully green (stage B); and when the leaf 
had visibly begun to senesce, considered to be at least 50% yellowed (stage C).  In the chamber 
experiment, measurements were only taken for stages A and B, because a fungal infection in the 
plants prevented measurements during senescence.  Leaves are assumed to be 10 days old when 
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they reach maturity (stage A); stage B measurements were taken at 37-40 days old in the field 
experiment and at 23-24 days old in the chamber experiment; and stage C measurements were 
taken at 58-76 days old in the field experiment. 
Gas exchange 
A and stomatal conductance (gs) were measured with a LI-6400 photosynthesis system equipped 
with a leaf chamber fluorometer (LI-COR Inc., Lincoln, NE).  Measurements were taken 
between 12:00 and 14:00, as this time typically corresponds to peak A.  [CO2] was 400 ppm and 
relative humidity was maintained between 50-70% in the cuvette for all measurements.  Light 
and block temperature were set to the ambient temperatures experienced by the leaf (Table 2).  
These leaves were tagged after measurement so that the exact same leaves could be sampled for 
Kleaf measurement the next morning.  Intrinsic water use efficiency (WUE) was calculated as 
A/gs. 
Leaf water potential 
Tissue was harvested for measurement of mid-day Ψleaf with thermocouple psychrometers (C30, 
Wescor, Inc., Logan, UT) at the same time as gas exchange measurements were taken.  In the 
field experiment, four leaves were sampled per block; in the chamber experiment, three leaves 
were sampled per growth chamber.  For each leaf, three 1.2 cm disks were removed and sealed 
into a steel chamber with the thermocouple psychrometer within 15 seconds of sampling.  These 
chambers were allowed to equilibrate to 25° C for 2.5-3 hours before leaf water potential was 
recorded by a datalogger (CR-7, Campbell Scientific, Logan, UT).  Leaf water potentials were 
then calculated based on a sucrose calibration performed with the psychrometers prior to the 
experiment. 
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 In the growth chamber experiment, osmotic potential (Πleaf) was measured subsequent to 
the water potential determinations.  Following the Ψleaf measurements, the steel psychrometer 
chambers were held in liquid nitrogen for 60 seconds to lyse the cells and eliminate cell wall 
turgor pressure.  The chambers were then thawed overnight to re-equilibrate to 25° C.  Osmotic 
potential was recorded by the datalogger.  Hydrostatic pressure (Pleaf) was calculated as  
                 . 
Leaf hydraulic conductance 
Kleaf was measured for the same leaves on which gas exchange was measured using the 
evaporative flux method (Sack et al. 2002; Locke et al. 2013).  In this method, water flux 
through the leaf is measured while the leaf is placed in an environment favorable to transpiration.  
Leaves were harvested pre-sunrise in the field and before morning growth lights turned on in the 
chamber experiment to ensure that no cavitation was present.  Leaves were cut with a razor blade 
at the base of the petiole and immediately placed in distilled water.  Petioles were re-cut 2 cm 
shorter under water upon return to the lab to remove major cavitation introduced during 
sampling.  2 cm is sufficient to remove introduced embolism, as average vessel length in 
soybean petioles is less than 1 mm (Ghorashy et al. 1969), and leaves which were not 
sufficiently re-cut typically wilted quickly upon connection to the evaporative flux apparatus and 
could not be included in the analysis.  For water flux measurements, petioles were connected to 
tubing (R-3693, Tygon) which led to a reservoir of water on a high-precision balance (± 0.01 
mg) (XS 250, Mettler Toledo, Columbus, OH).  Crevices in the petioles were filled with 
petroleum jelly, and petioles were wrapped with Parafilm (Pechiney Plastic Packaging Company, 
Chicago, IL) to ensure a tight seal with the tubing.  Leaves were illuminated with approximately 
700 μmol m-2 s-1 PAR from a 750 W halogen lamp, with a clear water dish directly below the 
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lamp to dissipate heat and a fan blowing on the leaf to reduce the leaf boundary layer.  While 700 
µmol m
-2
 s
-1
 PAR is usually not photosynthetically saturating for a soybean leaf, it is high 
enough to stimulate transpiration, and the constant light level was the same across all 
measurements ensured comparisons among leaves are valid.  The change in water mass was 
logged every 30 seconds by a datalogger (CR1000, Campbell Scientific, Logan, UT) 
simultaneously for four balances, and flow rates were monitored on a single computer.  Flow rate 
typically stabilized in 30-60 minutes, at which point the leaf temperature was recorded (572 
Handheld Infrared Thermometer, Fluke Corporation, Everett, WA).  Transpiration was sufficient 
to keep the leaf temperature 1-4° C lower than ambient temperature (data not shown) .  Ψleaf was 
measured with thermocouple psychrometers as described above.  Four psychrometers were used 
per trifoliate leaf, with three leaf disks per psychrometer chamber.  Leaf margins were left intact 
so that leaves could be photographed, and leaf area was calculated using ImageJ (freeware, 
NIH).   
 To calculate Kleaf, flow rate was divided by Ψleaf of the leaf during the Kleaf measurement 
and leaf area.  This value was temperature-normalized to account for the viscosity of water, 
which decreases approximately 2% per one degree Celsius increase (Yang and Tyree 1993). 
Statistical analyses 
Differences among growth stages were analyzed by repeated measures with the SAS MIXED 
procedure (SAS Inc., Cary, NC).  Node and growth stage were treated as fixed effects, and plots 
and chambers were considered random blocking effects.  Correlations between Kleaf and gas 
exchange parameters were tested using the REG procedure. 
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Results 
In both field-grown (Fig. 11A) and in chamber-grown (Fig. 12A) soybean, Kleaf decreased as 
leaves aged (p < 0.0001).  Measurements are denoted as stage A (youngest, fully expanded leaf 
at the top of the canopy), stage B (older, fully green), and stage C (visibly senescent).  Across 
both experiments, Kleaf decreased by 38-66% from stage A to stage B, and for field-grown 
soybean, Kleaf decreased by 71-76% from stage A to stage C.  Kleaf decreased more sharply over 
time for the determinate cultivar in the growth chamber experiment than the indeterminate 
cultivar grown in the field, consistent with the shorter maturity group (00) used in the chamber 
experiments versus the field experiments (III) (Fig. 13).  Kleaf at stage A was lower for higher 
nodes in both experiments (Fig. 11A and Fig. 12A; Fig. 13). 
 A also decreased as leaves aged in both experiments (p < 0.0001), although the pair-wise 
decrease was small (p = 0.20) for node 8 in the growth chamber experiment, which leaves did 
not become shaded by younger leaves as they aged like as all other measured leaves did (Fig. 
11B; Fig. 12B).  Unlike Kleaf, A was slightly higher both at stage A and stage B at higher nodes, 
suggesting that maximum A increased as the plants aged (Fig. 14).  For field-grown soybean, 
Kleaf and A were strongly correlated across stages for both node 3 (p < 0.0001, R
2
 = 0.61) and 
node 10 (p < 0.0001, R
2
 = 0.62) (Fig. 15A).  This correlation was not present for chamber-grown 
soybean (Fig. 15B).  
 Stomatal conductance consistently decreased as leaves aged for field-grown soybean (p < 
0.0001), although for node 3, the decrease did not occur until stage C (Fig. 11C).  For chamber-
grown soybean, however, gs decreased 90% from stage A to stage B for node 5 (pair-wise p < 
0.0001), while gs increased 36% from stage A to stage B for node 8 (pair-wise p < 0.01) (Fig. 
12C).  In field-grown soybean, Kleaf correlated with gs for both node 3 (R
2
 = 0.30) and node 10 
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(R
2
 = 0.53), but these correlations were not as strong as those between Kleaf and A (Fig. 16A).  
Kleaf and gs were not correlated for chamber-grown soybean (Fig. 16B). 
WUE was calculated from gas exchange data and did not change across experiments as 
leaves aged in either field- or chamber-grown soybean.  Contrasts within nodes showed that 
WUE differs among stages (p < 0.0001 for all nodes), but the direction of these changes was not 
consistent and the significance does not hold across either experiment (Fig. 17).  Kleaf and WUE 
were not correlated for field- or chamber-grown soybean (data not shown). 
 Ψleaf decreased as leaves aged for field-grown (p < 0.0001) and chamber-grown (p < 
0.0001) soybeans (Fig. 11D; Fig. 18).  From stage A to stage B in the field experiment, Ψleaf 
decreased 150% at node 3 and 47 % at node 10.  From stage A to stage C, Ψleaf decreased 193% 
at node 3 and 78% at node 10.  For chamber-grown soybeans, Ψleaf decreased 20% at node 5 and 
24% at node 8, while Πleaf decreased 15% at node 5 and 20% at node 8 (p < 0.001) (Fig.18).   
Pleaf did not change as leaves aged (p = 0.61). 
Discussion 
 Both the field experiment and the chamber experiment supported our hypothesis that Kleaf 
will decrease as soybean leaves age.  This was initially observed in field-grown soybean, but the 
possibility could not be eliminated that worsening drought conditions towards the end of the 
2011 growing season had also affected Kleaf.  Thus, the experiment was repeated in growth 
chambers with consistently well-watered plants.  Vapor pressure deficit (VPD) was 0.6 kPa 
lower on average in the growth chambers than at mid-day above the canopy in the field on all but 
the final day of field measurements (data not shown).  However, older, lower-canopy leaves in 
the field likely experienced greater uncoupling from atmospheric conditions than lower-canopy 
leaves in the growth chamber, because growth chamber fans mixed air throughout the entire 
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chamber, keeping lower leaves at a similar temperature and relative humidity as upper canopy 
leaves even when the leaves were shaded.  Thus, direct comparisons between Kleaf values in the 
chamber and in the field are not valid, but differences among the growth chamber measurements 
should represent endogenous patterns in the plant which are also reflected in field Kleaf 
measurements.  Kleaf decreased similarly as leaves aged in the well-watered chamber-grown 
plants experiencing more stable temperature and VPD as compared to the field-grown plants, so 
we conclude that the observed Kleaf decrease in the field can be attributed to leaf aging.   
Kleaf decline could result from down-regulation or inactivation of aquaporin proteins in living 
cells or from xylem blockages, such as emboli or tyloses.  The decrease in Ψleaf with leaf age 
observed in both field-grown and chamber-grown soybean in this experiment would increase the 
risk of cavitation in xylem of older leaves (Tyree and Sperry 1989).  There is evidence that the 
repeated cycles of cavitation and refilling over the course of the growing season can weaken 
xylem pit membranes, making the xylem more vulnerable to cavitation over time (Sperry et al. 
1991; Hacke et al. 2001).  This mechanism, in conjunction with decreasing water potential, has 
also been implicated in the decline of Kleaf in R. trinervis and C. candidissimum during leaf 
senescence (Brodribb and Holbrook 2003b).  Coupled with potentially weakened pit membranes, 
the drop in Ψleaf could lead to a buildup of emboli which the leaf becomes unable to refill as the 
growing season progresses. 
 A decreased similarly to Kleaf as leaves aged.  A was measured at light conditions 
approximating what the leaves were currently experiencing in situ rather than at saturating 
irradiance, so the decrease in A was in part driven by a decrease in light levels as leaves became 
shaded.  However, decreases in A with leaf age are common even at near-saturating irradiance 
(Vos and Oyarzun 1987).  Unlike A, all Kleaf measurements were taken at the same near-
56 
 
saturating light intensity, so the strong correlation observed between Kleaf and A in field-grown 
plants suggests that these parameters are functionally coordinated in the field.  The weaker 
correlation between Kleaf and gs indicates that A may respond to hydraulic capacity in a manner 
that is not mediated by a stomatal limitation to CO2 intake. 
 Kleaf in the youngest, fully expanded stage was lower when the plant was older, as 
observed for node 10 in the field and node 8 in the growth chambers (Fig. 13).  However, A was 
higher for youngest, fully expanded leaves when the plants were older (Fig. 14), which is 
reflected in the lower slope of the relationship between Kleaf and A (Fig. 15).  This increase in A 
could be related to higher gs for upper nodes at stage A (Fig. 11, Fig. 12), and it suggests that A 
is likely not limited by Kleaf, except possibly during senescence.  The increase in A is consistent 
with reports of whole-plant photosynthesis peaking during the seed filling period, when sink 
strength is greatest (Wells 1991). 
 While canopy WUE frequently decreases over multiple growing seasons as tree stands 
age (Köstner et al. 2002), WUE does not seem to decrease as leaves age in a single growing 
season for soybean as has been observed in G. hirsutum and L. calycina (Constable and Rawson 
1980; Field and Mooney 1983).  Similarly, this study found no season-long WUE trend, although 
WUE fluctuated within nodes in an inconsistent manner as leaves aged.  While Kleaf is 
coordinated separately with both A and gs, decreases in Kleaf over the growing season apparently 
do not function to maintain a balance between water lost and carbon gained.  These results 
support the finding that Kleaf is more strongly coordinated with A than with gs in soybean; both 
suggest that gs is regulated in a more transient manner by microenvironment, whereas A is more 
tightly controlled by gradual biochemical acclimation to overall shifts in microenvironment as 
leaves age. 
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 Πleaf decreased in older leaves, driving a decrease in overall Ψleaf while turgor remained 
constant.  Although declines in Πleaf over the course of the growing season have been observed in 
some evergreen tree species and woody understory species, these decreases were linked to 
drought conditions (Sobrado 1986; Ishida et al. 1992).  As the plants for which Πleaf was 
measured in this study were always well-watered, osmoregulation could be a mechanism for 
soybean leaves to maintain turgor as Kleaf declines in older leaves.  This would facilitate 
continued, if decreased, A in older leaves. 
 Studies with other species suggest that hydraulic failure throughout the plant initiates the 
process of leaf senescence and shedding (Rood et al. 2000; Salleo et al. 2002; Brodribb and 
Holbrook 2003b).  While it cannot be concluded from these data if Kleaf decline in soybean 
triggers photosynthetic decline and senescence, these results show that hydraulic decline, 
accompanied by gradual decreases in A and leaf water status, is a part of leaf maturation and 
senescence in soybean.  If Kleaf is limiting A in older leaves, then an improvement in hydraulic 
maintenance could have the potential to increase canopy-level photosynthesis, which is a critical 
target for crop yield improvement (Zhu et al. 2010). 
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Table 2.  Light and temperature settings for LI-6400 gas exchange measurements and 
measurement dates.   A, gs, and Ψleaf were measured at mid-day on the date shown, and leaves 
were sampled before sunrise the following morning for Kleaf measurements. 
Node Stage Date PAR (μmol m-2 s-1) Block temperature (°C) 
3 A 8 July 1700 30 
3 B 4 August 875 29 
3 C 12 September 300 28 
10 A 28 July 1600 31 
10 B 27 August 1500 28 
10 C 14 September 300 20 
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Figure 11.  Physiological data for field-grown soybean leaves at the third and tenth nodes from 
the base of the plant.  Measurements were taken when the leaves were the youngest fully 
expanded leaf at the top of the canopy (stage A, solid), when the leaves were older and shaded 
(stage B, diagonal hatch), and when leaves were incipiently senescent (stage C, crosshatch).  (A) 
Mid-day leaf water potential, measured with thermocouple psychrometers.  (B) Leaf hydraulic 
conductance (Kleaf) measured with the evaporative flux method for leaves sampled before 
sunrise.  (C) Mid-day photosynthesis measured with a LI-6400 open-path gas exchange system.  
(D) Mid-day stomatal conductance.  Error bars represent standard error. 
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Figure 12.  Physiological data for chamber-grown soybean leaves at the fifth and eighth nodes 
from the base of the plant.  Measurements were taken when the leaves the youngest fully 
expanded leaf at the top of the canopy (stage A, solid) and when the leaves were older and 
shaded (stage B, diagonal hatch).  (A) Leaf hydraulic conductance (Kleaf) measured with the 
evaporative flux method for leaves sampled just before chamber lights turned on in the morning.  
(B) Mid-day photosynthesis measured with a LI-6400 open-path gas exchange system.  (C) Mid-
day stomatal conductance measured with a LI-6400 open-path gas exchange system.  Error bars 
represent standard error. 
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Figure 13.  Kleaf for both field-grown and chamber-grown soybeans shown by the number of days 
after seed planting.  In the field experiment, Kleaf was measured at all three growth stages for 
node 3 (closed circles) and node 10 (open circles).  In the chamber experiment, Kleaf was 
measured at only the first two growth stages for node 5 (closed triangles) and node 8 (open 
triangles).  Error bars represent standard error. 
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Figure 14.  A for both field-grown and chamber-grown soybeans shown by the number of days 
after seed planting.  In the field experiment, Kleaf was measured at all three growth stages for 
node 3 (closed circles) and node 10 (open circles).  In the chamber experiment, Kleaf was 
measured at only the first two growth stages for node 5 (closed triangles) and node 8 (open 
triangles).  Error bars represent standard error. 
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Figure 15.  Relationship between Kleaf and A for individual leaves.  A was measured at mid-day, 
and the same leaves were sampled before sunrise the next morning to measure Kleaf.  Chamber 
settings for photosynthesis measurements can be found in Table 2.  (A) For field-grown plants, 
Kleaf and A are significantly correlated for both node 3 (p < 0.0001, R
2
 = 0.61) (closed circles) 
and node 10 (open circles, p < 0.0001, R
2
 = 0.62).  Lines indicate linear regressions for 
significant correlations.  (B) For chamber-grown plants, the relationship between Kleaf and A was 
significant but weaker for both node 5 (p < 0.0001, R
2
 = 0.51) (closed triangles) and node 8 (p = 
0.0126, R
2
 = 0.13) (open triangles). 
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Figure 16.  Relationship between Kleaf and gs for individual leaves.  gs was measured at mid-day, 
and the same leaves were sampled before sunrise the next morning to measure Kleaf.  Chamber 
settings for stomatal conductance measurements can be found in Table 2.  (A) For field-grown 
plants, Kleaf and gs are significantly correlated for both node 3 (p < 0.0001, R
2
 = 0.30) (closed 
circles) and node 10 (open circles, p < 0.0001, R
2
 = 0.53).  Lines indicate linear regressions for 
significant correlations.  (B) For chamber-grown plants, the relationship between Kleaf and gs was 
significant for node 5 (p < 0.0001, R
2
 = 0.59) (closed triangles), but was not significant for node 
8 (p = 0.56) (open triangles).  
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Figure 17.  Intrinsic water use efficiency (WUE) for (A) field-grown and (B) chamber-grown 
soybean, calculated from data shown in Fig. 11 and Fig. 12.  A and gs were measured with a LI-
6400 photosynthesis system, and WUE was calculated as A/gs.  Measurements were taken when 
the leaves were the youngest fully expanded leaf at the top of the canopy (stage A, solid), when 
the leaves were older and shaded (stage B, diagonal hatch), and when leaves were senescent 
(stage C, crosshatch).  Error bars represent standard error. 
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Figure 18.  Leaf water potential (Ψleaf, grey), leaf osmotic potential (Πleaf, black), and leaf 
hydrostatic pressure (Pleaf, white) for well-watered, chamber-grown soybean.  Measurements 
were taken with thermocouple psychrometers for leaves sampled at mid-day.  Measurements 
were taken when the leaves were the youngest fully expanded leaf at the top of the canopy (stage 
A), when the leaves were older and shaded (stage B).  Error bars represent standard error. 
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CHAPTER 5 
Diurnal depression of leaf hydraulic conductance in soybean reflects anisohydric regulation 
of leaf water potential 
Abstract 
Soybean experiences diurnal cycles of photosynthesis and water use that are closely in sync with 
light intensity and vapor pressure deficit (VPD), both of which peak around mid-day.  However, 
at high VPD, increasing transpiration rates can cause leaf water potential (Ψleaf) to drop if the leaf 
hydraulic supply does not keep up with demand.  Leaf hydraulic conductance (Kleaf), which 
determines the supply of water to the sites of evaporation within the leaf, is influenced by xylem 
conductivity to water, as well as extra-xylem pathways that are proposed to be largely mediated 
by aquaporin water transport proteins.  If transpiration demands outstrip Kleaf, then tensions in the 
xylem can become high enough to cause cavitation, and these cavitation-blocked xylem vessels 
reduce xylem water transport and Kleaf.  Mid-day depressions in Kleaf have been observed in some 
species, but mid-day depressions in photosynthesis and stomatal conductance are not common 
for soybean, as soybean typically has anisohydric regulation of leaf water status.  In this study, 
we tested the hypothesis that Kleaf would decrease at mid-day with Ψleaf as VPD increased.  Kleaf 
showed a mid-day depression at two times during the growing season, in a pattern closely 
reflecting that of Ψleaf, demonstrating anisohydric regulation.  The decrease in Ψleaf indicates that 
Kleaf depression is the result of cavitation in leaf xylem.  RNA-seq analysis revealed 22 soybean 
aquaporin genes that were differentially expressed between at least two time points.  Among 
these, two plasma membrane intrinsic protein (PIP) transcripts were strongly down-regulated as 
Kleaf decreased, and tonoplast intrinsic proteins (TIP) and nodulin 26-like intrinsic proteins (NIP) 
that are likely involved in cell osmoregulation and turgor maintenance also showed strong 
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diurnal expression patterns.  These data suggest that maximum Kleaf is well in excess of what is 
needed to sustain photosynthesis in soybean, and that mid-day Kleaf depression is caused by 
cavitation at increasing xylem water tensions and may also be influenced by diurnal cycles in 
aquaporin regulation. 
Introduction 
The leaf is often a bottleneck for water in the transpiration stream from root to stomata.  Kleaf 
describes the leaf’s capacity for water transport at a given water potential driving force.  Kleaf is 
dynamic and determined by xylem transport capacity, as well as apoplastic and transcellular 
water flow through the bundle sheath and mesophyll (Sack and Holbrook 2006).  Leaf hydraulic 
capacity is closely linked to leaf gas exchange and photosynthesis, as stomatal opening for 
carbon acquisition requires maintaining well-hydrated mesophyll, and Kleaf correlates with 
photosynthetic parameters over a range of species (Brodribb et al. 2002, 2007; Brodribb and 
Holbrook 2003b; Sack and Holbrook 2006).  Thus, the diurnal fluctuations in Kleaf could affect 
photosynthetic productivity. 
Transpiration is driven by atmospheric vapor pressure deficit (VPD), determined by 
temperature and humidity.   At high VPD, evaporative demand can create a steep water potential 
gradient through the leaf as leaf hydraulic conductance (Kleaf) becomes limiting to water 
transport.  Xylem tensions often become high enough for the water column to cavitate, allowing 
an air bubble (embolism) to fill the vessel and block further water transport.  Until recently, 
embolism refilling was thought to only occur under positive root pressure, after transpiration 
abates.  However, it is possible for emboli to repair even while the water column is under 
tension, making the recovery of Kleaf during transpiration a possibility (Salleo 1996; Canny 1997; 
Hacke and Sperry 2003; Zwieniecki and Holbrook 2009).  However, this refilling comes at an 
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energetic cost; both the release of osmotically active solutes and construction of transport 
proteins may be involved in the negative-pressure embolism repair mechanism (Salleo et al. 
2004, 2009; Alves et al. 2004; Secchi and Zwieniecki 2011). 
Diurnal depressions in Kleaf have been observed several tree species, with peak Kleaf 
ranging from early to late morning, and in all cases decreasing throughout the afternoon 
(Brodribb and Holbrook 2004a; Lo Gullo et al. 2005).  Such diurnal depressions in Kleaf likely 
result from cavitation in the xylem at high tensions (Brodribb and Holbrook 2004a).  Light 
environment and circadian rhythms may also play a role in diurnal fluctuations of Kleaf (Sack et 
al. 2002; Tyree et al. 2005; Nardini et al. 2005; Cochard et al. 2007).  Aquaporin proteins could 
facilitate these non-cavitation related changes in Kleaf by increasing transcellular water transport 
(Clarkson et al. 2000; Moshelion et al. 2002; Sack et al. 2004; Nardini et al. 2005), and they also 
may play a role in vessel refilling following cavitation (Secchi and Zwieniecki 2011). 
The aquaporin family of integral membrane proteins allows passive transport of water 
and other molecules, including CO2, urea, and glycerol.  These proteins dramatically increase the 
hydraulic permeability of cell membranes, allowing transcellular water flow to be a significant 
part of the transpiration stream.  Plant aquaporins are divided into five subfamilies:  plasma 
membrane intrinsic proteins (PIPs), tonoplast intrinsic proteins (TIPs), small basic intrinsic 
proteins (SIPs), nodulin-26-like intrinsic proteins (NIPs), and X intrinsic proteins (XIPs) 
(Kaldenhoff and Fischer 2006; Danielson and Johanson 2008; Gupta and Sankararamakrishnan 
2009).  Some aquaporins have been found to have diurnal expression cycles, and this has been 
observed to correlate with diurnal cycles of root hydraulic conductance in Vitis vinifera and 
Lotus japonicus (Clarkson et al. 2000; Moshelion et al. 2002; Siefritz et al. 2004; Vandeleur et 
al. 2009).  Light-driven diurnal cycles of Kleaf have also been linked to PIP aquaporin expression 
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and activity (Nardini et al. 2005; Cochard et al. 2007; Hachez et al. 2008).  As the only 
aquaporins that have been demonstrated to transport water across the plasma membrane, PIPs 
likely have the most direct control on the transpiration stream, but aquaporins in other 
subfamilies may play a role in regulating cell water status and in the complicated, poorly 
understood embolism refill mechanisms.   
In field-grown Glycine max (soybean), photosynthesis (A) typically peaks at mid-day, 
closely following the pattern of photosynthetic photon flux density (Rogers et al. 2004; 
Bernacchi et al. 2005).  Efficiently using available light to drive photosynthesis requires that 
stomatal conductance (gs) is not limiting to carbon assimilation.  VPD fluctuates throughout the 
day, depending on temperature and humidity, and it is typically highest around midday, when 
temperatures are at a daily maximum.  Soybeans typically exhibit anisohydric regulation of leaf 
water status, where stomata remain open for carbon acquisition even when VPD is high, at the 
cost of a drop in Ψleaf.  This suggests that Kleaf in soybean is highly vulnerable to cavitation at 
mid-day and through the afternoon on particularly warm days.  This study examined the 
fluctuation of soybean leaf water status and Kleaf over the course of the day to determine if Kleaf 
might limit soybean photosynthesis on a daily basis.  Daytime transcriptomic patterns were also 
investigated, with a focus on aquaporin genes that may regulate hydraulic conductance and leaf 
water status. 
Materials and Methods 
Plant material and growth conditions 
Soybean cultivar 93B15 (Pioneer Hi-Bred, Johnston, IA) was planted on 27 May 2010 at the 
SoyFACE research facility in Champaign, Illinois.  [CO2] was fumigated in fully open air 
conditions in 20 m diameter octagonal plots, with a computer-controlled target elevated [CO2] of 
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585 ppm.  Elevated [CO2] was within 10% of the target 75% of the time.  A detailed description 
of the SoyFACE fumigation procedure has been published previously (Leakey et al. 2004).  
[CO2] fumigation began 13 days after planting, so soybeans experienced their assigned [CO2] 
treatment for the almost their entire life cycle.  The experiment was arranged as a randomized 
complete block design, with one ambient and one elevated ring in each of four spatially 
separated blocks.   
Diurnal measurements 
Two sets of diurnal measurements of Kleaf were made in 2010, once in July and once in August.  
For measurements of Kleaf, Ψleaf, and gene expression, leaves were sampled in the field at four 
time points:  8:00, 11:00, 14:00, and 17:00.  Due to throughput limitations with Kleaf 
measurements, diurnal measurements could only be taken for one SoyFACE block per day.  
Thus, each diurnal data set contains four days of measurements, taken within 10 days of each 
other.  This strategy allowed environmental variation among sampling days to be accounted for 
with the block term in the statistical model, distributed equally across treatments and time points.   
Leaf hydraulic conductance 
Kleaf was measured using the evaporative flux method, in which the flow rate of water through 
the leaf is measured while the leaves are placed in an environment favorable to transpiration 
(Sack et al. 2002).  Leaves were cut at the base of the petiole, immediately placed into a tube of 
distilled water, and returned to the lab, where the petioles were re-cut another 1-2 cm under 
water to remove air that may have entered the xylem at the time of cutting.  For measurement, 
petioles were inserted into tubing (Tygon R-3603, Saint-Groban Performance Plastics 
Corporation, Paris, France) connected to a cylinder of degassed, distilled water on a high-
precision balance (XS 250, Mettler Toledo, Columbus, OH).  A tight seal with the tubing was 
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made by filling crevices in the petiole with petroleum jelly and then wrapping the petiole in 
Parafilm (Pechiney Plastic Packaging Company, Chicago, IL).  Once connected to water, the leaf 
was placed under a 750 watt halogen lamp.  A dish of water was placed between the lamp and 
the leaf to absorb infrared radiation, resulting in approximately 700 µmol m
-2
 s
-1
 
photosynthetically active radiation (PAR) at leaf level.  The mass of water on the balance was 
recorded every 30 seconds.  To increase throughput, four balances were connected to a single 
datalogger (CR1000, Campbell Scientific, Inc., Logan, UT) through a serial I/O interface (SDM-
SIO4, Campbell Scientific, Inc., Logan, UT) and monitored in real-time on a single computer 
screen.  Water flow rate through the leaves was allowed to stabilize for at least 30 minutes.  
When flow rate was stable, leaf temperature was measured with an infrared thermometer (Fluke 
574, Fluke Corporation, Everett, Washington), and final leaf water potential (Ψfinal) was 
measured with thermocouple psychrometers.  Four psychrometer chambers were used per leaf, 
and three disks were cut from the leaf for each chamber.  Leaf area was measured using leaf 
photographs and ImageJ (NIH, http://rsbweb.nih.gov/ij/), and Kleaf was normalized for both leaf 
area and temperature (Yang and Tyree 1993).   
Leaf water potential 
Leaf water potential was measured using thermocouple psychrometers (Wescor C-30, Wescor, 
Inc., Logan, UT).  Three 1.2 cm leaf disks were cut from a single trifoliate leaf and within 15 
seconds sealed together into a stainless steel chamber housing the thermocouple.  The 
temperature and humidity inside the thermocouple chambers was allowed to equilibrate in a 
controlled-temperature room for three hours prior to measurement, and then water potential was 
measured by a datalogger (Campbell CF-1000, Campbell Scientific, Logan, UT).  For 
determinations of Ψleaf under field conditions, one thermocouple chamber was used per leaf, and 
73 
 
three leaves were measured per plot.  For Ψfinal, four thermocouple chambers were used for each 
leaf, and these values were averaged to calculate Kleaf. 
Meteorological data 
Temperature and humidity data for SoyFACE were collected hourly at the nearby Surface 
Radiation site, approximately 8 miles away, as described in detail by VanLoocke et al. (2010).  
Saturation vapor pressure was calculated with the equation  
         
 
  
     
where the constants  , b, and c are 0.611 kPa, 17.502, and 240.97° C (Campbell and Norman 
1998).  Actual vapor pressure is calculated as 
           , 
and vapor pressure deficit is then calculated as 
             . 
Statistical analysis of physiological data 
Data were analyzed by repeated measures using SAS software (SAS Institute, Cary, NC).  Time 
of day and [CO2] were the main effects, while block was included as a random effect and as the 
repeated subject.  Each diurnal data set was analyzed individually. 
RNA extraction and sequencing 
Three whole leaflets, each leaflet from a different leaf, were sampled in ambient [CO2] plots and 
flash-frozen in liquid nitrogen at each diurnal time point during the August sampling.   These 
three leaflets were combined to create one sample per plot.  Leaf tissue was stored at -80° C until 
RNA extraction.  Total RNA was extracted from the leaves with a phenol/chloroform method 
developed specifically for field-grown soybean (Bilgin et al. 2009).  All RNA extraction samples 
had an A260 to A280 ratio between 2 and 2.2.  Total RNA extractions were treated with the 
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DNA-free kit (Ambion, Inc., Austin, TX).  cDNA libraries were constructed and indexed using 
the TruSeq RNA Sample Preparation kit, with average insert sizes of 361 bp (Illumina, Inc., San 
Diego, CA).  16 samples (four biological replicates at four time points) were randomly assigned 
to two lanes and sequenced on the HiSeq2000 (Illumina, Inc., San Diego, CA).   
Sequence alignment and processing 
Reads were filtered for quality and mapped to the soybean genome (Schmutz et al. 2010) in the 
TopHat alignment program, version 2.0.7 (Kim et al. 2013).  TopHat is a splice-aware alignment 
tool that first aligns whole reads to the genome with the Bowtie alignment tool and then searches 
reads for potential splice junctions between exons.   Once mapped, reads per gene, based on the 
G. max v1.1 annotation, were counted with HTSeq (freeware, www-
huber.embl.de/users/anders/HTSeq/). 
Statistical analysis for differential gene expression 
Read counts for each gene were analyzed using SAS PROC MIXED (SAS Institute, Cary, NC).  
This program was chosen because the repeated measures structure of the blocked time course 
data set is currently not readily modeled by specialized gene expression statistical packages.  
Read counts for sample x were normalized to control variance with the equation:  
    
          
           
 
                                
                         
  . 
To study aquaporin gene expression in detail, aquaporin genes were analyzed as a separate data 
set.  Statistical analysis in SAS was performed as described above, but p-values from pairwise 
contrasts for every time combination were corrected for multiple comparisons.  Aquaporin genes 
were annotated based on Zhang et al. (Zhang et al. 2013).  Two genes, Glyma02g42220 and 
Glyma18g03330, were previously annotated as PseudoPIP#2 and PseudoPIP#4, due to missing 
NPA amino acid motifs which are characteristic of aquaporin proteins.  Gene searches were 
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performed in Phytozome (www.phytozome.org) for these genes, and alternate gene models were 
available for Glyma02g4220 containing both NPA motifs and similarity to other PIP2 genes, 
thus the gene was renamed where the Zhang et al. naming left off, GmPIP2;15.  Log2 fold 
changes were calculated using reads per kilobase gene length per million base pairs (RPKM) for 
each differentially expressed pairwise comparison, expressed as the later time relative to the 
earlier time. 
Results 
Kleaf varies over the course of the day 
 Kleaf was dependent on time of day for both the July (p = 0.0486) and August (p = 0.0033) 
samplings, showing a midday depression in conductance (Fig.19A and 19B).  The greatest 
change in Kleaf happened between 8:00 and 11:00, when Kleaf decreased by an average of 30% 
across treatments.  In July, Kleaf began to recover by 17:00 in both ambient and elevated [CO2], 
increasing by 25% from 14:00 to 17:00 (Fig. 19A).  In August, however, Kleaf in elevated [CO2] 
actually decreased by 26% from 14:00 to 17:00 (Fig. 19B).  Kleaf was only significantly lower for 
elevated [CO2] plants in August (p = 0.0220), and this difference was driven primarily by the 
8:00 time point. 
Daytime Ψleaf trajectory mirrors Kleaf 
Ψleaf varied over the course of the day in July (p < 0.0001) and August (p < 0.0001), in a pattern 
similar to the fluctuations of Kleaf.  As with Kleaf, the biggest change in Ψleaf between times was 
from 8:00 to 11:00, decreasing by an average of 75% (Fig. 19C and 19D).  The recovery of Ψleaf 
between 14:00 and 17:00 in July was not as great as the recovery in Kleaf, increasing by only 7% 
(Fig. 19D) compared to the 25% decrease in Kleaf.  In August, Ψleaf was very similar at 14:00 and 
17:00 in ambient [CO2], but in elevated [CO2], Ψleaf decreased 25% (Fig. 19D). 
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[CO2] did not consistently affect Kleaf 
In July, there was no difference in Kleaf between plants grown at ambient and elevated [CO2] (p = 
0.4795).  However, Kleaf was lower for plants grown at elevated [CO2] in August (p = 0.0220).  
This difference is driven primarily by the 8:00 time point, at which Kleaf at elevated [CO2] is 28% 
lower than at ambient [CO2] (Fig. 19B), while the differences were smaller at other time points. 
Aquaporin gene expression in soybean leaves 
A total of 34 soybean aquaporin genes were found to be expressed, including 14 PIPs, 10 TIPs, 5 
NIPs, and 5 SIPs.  Of these, 22 were differentially expressed (p < 0.05) between at least two time 
points; 9 were PIPs, 4 were TIPs, 4 were NIPs, and 5 were SIPs (Fig. 21).  There were no 
consistent trends of up- or down-regulation summarizing any subfamily, but some trends were 
apparent for specific genes.   
Among the PIPs, expression of GmPIP1;8 and GmPIP2;14 progressively decreased over 
the course of the day.  PseudoPIP#4 gene expression decreased at every time point in comparison 
to 8:00, but transcription was stable across the later time points.  In contrast, GmPIP2;7 
transcription increased from 8:00 to 11:00 and then was stable for the rest of the day. 
 Among the TIPs, GmTIP1;8 expression progressively decreased over the course of the 
day.  Transcription of GmPIP1;7 and GmPIP2;6 only decreased at 17:00 relative to 8:00.  
Transcription of GmPIP1;7 actually increased from 11:00 to 14:00, but decreased at 17:00 
relative to 8:00 and 11:00.  GmTIP1;9 transcription was stable from 8:00 to 11:00 and 14:00, but 
it then increased at 17:00.  GmPIP2;3, GmPIP2;4, and GmPIP2;5 showed mostly stable 
transcription, each with differential expression at only one time point. 
 The NIP subfamily shows the most consistent transcriptional changes, with GmNIP1;4, 
GmNIP2;1, and GmNIP6;2 all decreasing in expression over the course of the day.  For 
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GmNIP1;4, this decrease is slight and only significant at 11:00 and 14:00, while by 17:00, gene 
expression was similar to that at 8:00.  Both GmNIP2;1 and GmNIP6;2 gene expression 
progressively decreased in comparison to 8:00 over the course of the day.  GmNIP2;2 had a 
transcriptional pattern opposite to GmNIP1;4, with increased expression at 11:00 and 14:00 
relative to 8:00, while expression at 17:00 was similar to that at 8:00. 
 Three SIP genes showed higher expression at 17:00 relative to all other times, including 
GmSIP1;2, GmSIP1;3, and GmSIP1;4.  GmSIP1;6 gene expression progressively decreased over 
the course of the day, while GmSIP1;5 expression only decreased at 14:00 relative to 8:00. 
 Genes for which transcription was detected but that were not differentially expressed 
between any time points include GmNIP1;3, GmPIP1;4, GmPIP1;5, GmPIP2;10, GmPIP2;13, 
GmPIP2;9, GmTIP1;4, GmTIP1;6, GmTIP2;2, GmTIP2;3, GmTIP2;5, and GmTIP4;1. 
Discussion 
Kleaf (Fig. 19A and 19B) and Ψleaf (Fig. 19C and 19D) both decreased over the course of the 
morning as VPD steeply increased (Fig. 20), consistent with reports of anisohydric stomatal 
regulation in soybean (Allen et al. 1994). The steep decrease in Kleaf with VPD increase suggests 
that reduced xylem conductivity resulting from cavitation is the main reason for decreasing Kleaf.  
A similar Kleaf response to mid-day evaporative stress was seen in Simarouba glauca, a tropical 
evergreen tree, with recovery beginning by early afternoon (Brodribb and Holbrook 2004a), but 
in the current study, Kleaf recovery was not apparent until late afternoon (Fig. 19A), if at all (Fig. 
19B).  Nonetheless, the slight recovery in Kleaf by the end of the day in July confirms that 
soybean is capable of refilling embolism under negative pressure.  Delayed Kleaf recovery in the 
August measurement period could be related to a slight drought stress experienced by the crop 
during this time (Gray et al. 2013), although Ψleaf values were not lower in August than in July 
78 
 
for the three time points earlier in the day.  Furthermore, Kleaf decreased 30% by 11:00 at Ψleaf of 
only -0.6 to -0.7 MPa, values typically not low enough to indicate severe leaf water stress.  This 
suggests that soybean leaf xylem is quite vulnerable to cavitation relative to many other species; 
most other species tested only lose 30% of xylem conductivity at Ψleaf below -1 MPa in leaf and 
stem xylem (e.g. Cochard et al. 1992; Sperry and Sullivan 1992; Tyree et al. 1994; Alder et al. 
1996; Mencuccini and Comstock 1997; Sperry and Ikeda 1997; Hukin et al. 2005; Johnson et al. 
2011).  However, given that the mid-day Kleaf decrease observed in this study, if typical, is not 
severe enough to hydraulically limit mid-day photosynthesis or gs (Rogers et al. 2004; Leakey et 
al. 2006), then the ratio of maximum Kleaf to photosynthetic capacity and gs in must be extremely 
high in this soybean cultivar.  However, soybean cultivars have shown some genotypic variation 
in maximum Kleaf (Sinclair et al. 2008). 
The dynamics of aquaporin gene transcription and chemical inhibition of protein 
synthesis have been observed to correlate with Kleaf dynamics on a timescale of hours, 
demonstrating that rapid aquaporin turnover affects Kleaf (Cochard et al. 2007).  Aquaporins 
directly facilitating Kleaf by increasing the permeability of bundle sheath and mesophyll cell 
membrane systems to water in the transpiration stream would be expected have decreased 
transcription levels over the course of the day, as Kleaf decreases.  This transcription pattern was 
observed for GmPIP1;8 and GmPIP2;14, and to a lesser magnitude GmPIP2;5 and GmPIP1;15.  
PIP1s and PIP2s have been shown to sometimes interact in a manner that dramatically increases 
water permeability beyond the additive conductances of each protein (Fetter et al. 2004; 
Vandeleur et al. 2009), and the highly similar transcription patterns of GmPIP1;8 and 
GmPIP2;14 could be indicative of such a heteromeric interaction.  PIP1s, in particular, appear to 
require heteromerization with either a PIP2 or another PIP1 in order to function as a water 
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channel (Fetter et al. 2004; Zelazny et al. 2007; Otto et al. 2010).  Diurnal fluctuations in root 
hydraulic conductivity are better studied than for leaves, and some Arabidopsis thaliana, Lotus 
japonicus, and Vitis vinifera PIP1 and PIP2 aquaporins in roots show diurnal expression cycles 
(Clarkson et al. 2000; Vandeleur et al. 2009; Takase et al. 2011).  However, these were most 
often in coordination with transpiration, with root aquaporin expression peaking around midday 
when transpiration was highest.  GmPIP2;15, which has slightly decreased expression at 17:00, 
shows strong similarity to NtAQP1, which has demonstrated CO2 transport capabilities, thus 
reducing mesophyll conductance to CO2 (Flexas et al. 2006; Uehlein et al. 2008).   
 The substrate specificities of the soybean TIPs showing differential expression in this 
study are not known, but many TIPs are actually specific for nitrogenous compounds, including 
urea, ammonium, ammonia, and methylammonium, rather than water (Kaldenhoff and Fischer 
2006).  The differentially expressed TIPs are thus more likely to be a part of cell osmoregulation 
in response to diurnal leaf water status changes, rather than directly regulating the leaf-level 
transpiration stream.  While TIPs may be involved in guard cell osmoregulation and thus have 
some control over stomatal aperture, the mRNAs sequenced in this study were extracted from 
whole leaflets, and, therefore, are likely most representative of mesophyll tissue.  Declining Ψleaf 
at high mid-day VPD may trigger the release of osmotica from the vacuole to the cytoplasm, in 
an effort to maintain cell turgor.  The increased expression of GmTIP1;9 at the end of the day, 
which is opposite to the 17:00 decrease in expression of other differentially expressed TIPs, 
suggests that it may transport a different substrate than GmTIP1;7, GmTIP1;8, and GmTIP2;6.   
 The cellular functions of NIPs and SIPs are likely more varied.  NIPs so far appear to 
have low water permeability (Wallace et al. 2002), but can be permeable to glycerol, urea, and 
arsenic (Weig and Jakob 2000; Wallace et al. 2002; Klebl et al. 2003; Bienert et al. 2008).  As 
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three NIPs showed strong decreases in transcription over the course of the day, these proteins 
may transport an osmotically active molecule such as glycerol to maintain cell turgor while leaf 
drops.  These proteins could be largely controlling osmoregulation across the plasma membrane 
as TIPs likely are doing on the tonoplast.  SIPs localize to the endoplasmic reticulum, and appear 
to function as ion transporters or weak water transporters, so they are unlikely to impact Kleaf 
(Ishikawa et al. 2005). 
 While differential transcription is certainly a mechanism of aquaporin regulation, 
sometimes on a time scale of hours (Clarkson et al. 2000; Martre et al. 2002; Moshelion et al. 
2002; Siefritz et al. 2004; Cochard et al. 2007), it must be acknowledged that aquaporin proteins 
are subject to gating mechanisms as well (Chaumont et al. 2005).  PIPs and TIPs are likely 
regulated by phosphorylation (Maurel et al. 1995), and PIP activity can also be pH and Ca
2+
 
dependent (Johansson et al. 1996; Tournaire-Roux et al. 2003; Verdoucq et al. 2008; Fischer and 
Kaldenhoff 2008).  Other soybean aquaporins may be highly involved in diurnal regulation of 
Kleaf and Ψleaf, with genes expressed at a constant rate and subject to post-translational regulation.  
However, this study has demonstrated that several aquaporin genes in soybean are diurnally 
transcribed in a manner that likely regulates leaf water status and leaf water supply.  The 
differential transcription of a few soybean aquaporins, particularly GmPIP1;8 and GmPIP2;14, 
suggest that these proteins are part of the diurnal depression in Kleaf; whether the decreased 
expression of these particular PIPs could be a response to cavitation or protective against further 
cavitation must be the subject of further investigation.   
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Figure 19.  Diurnal measurements of Kleaf (A, B) and Ψleaf (C, D) for field-grown soybean.  Two 
sets of diurnal measurements were made in 2010; one in July (A, C) and one in August (B, D).  
Leaves were sampled at four time points:  8:00, 11:00, 14:00, and 17:00, in ambient (closed 
circles) and elevated [CO2] (open circles).  Asterisks denote significant (p < 0.05) effects of 
either time of day or [CO2] on Kleaf. 
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Figure 20.  Atmospheric vapor pressure deficit (VPD) at diurnal sampling time points.  
Temperature and humidity data were continuously collected at the SoyFACE field site 
throughout the growing season and used to calculate VPD for each time point.  Temperature and 
humidity data were provided by Andy VanLoocke. 
  
83 
 
Figure 21.  Gene expression analysis of soybean aquaporin genes for all pair-wise comparisons 
of 8:00, 11:00, 14:00, and 17:00.  Tissue for RNA extraction was sampled at all time points on 
the August sampling dates.  Colored cells indicate log2 fold change in gene expression; brightest 
blue corresponds to 3-fold under-expression, and brightest red corresponds to 3-fold over-
expression.  Grey spaces indicate that no differential expression occurred between those two time 
points, although gene expression was detected at all time points for each of these genes.   
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CHAPTER 6 
Diurnal analysis of the field-grown soybean transcriptome shows diurnal patterns in 
photosynthesis-related processes 
Abstract 
Many plant physiological processes have diurnal patterns, regulated by diurnal environmental 
changes and circadian rhythms.  The transcriptional underpinnings of many of these cycles are 
not well known and have not been studied in a major crop species or under field conditions.  
Here, the soybean transcriptome was monitored over the course of the daytime during mid-
growing season with RNA-seq.  This analysis revealed 30% of expressed soybean genes to be 
differentially expressed over the course of the day.  Genes in functional groups either 
contributing to or depending on photosynthesis showed differential expression, with patterns 
particularly evident in tetrapyrrole synthesis and starch and sucrose metabolism.  This study 
provides one of the first diurnal overviews of the transcriptome for a field-grown crop and is 
useful as a basis for identifying pathways that could eventually be tailored to optimize diurnal 
regulation of carbon gain. 
Introduction 
Diurnal changes in plant physiology and gene expression are governed by diurnally changing 
environmental conditions and endogenous circadian rhythms, the latter of which are programmed 
by light/dark and temperature cycles and will persist for a time even in the absence of changes in 
these environmental stimuli.  Coordinating physiological functions with the 24-hour clock gives 
plants a competitive advantage by balancing energy needs and resources  (Dodd et al. 2005) and 
in creating temporal compartments to prevent futile biochemical cycles.  In C3 plants, ATP and 
NADPH are produced through the light reactions to fuel carbon assimilation in the Calvin cycle 
85 
 
only during daylight.  Stomatal opening is stimulated by light to allow CO2 to enter the leaf 
(Kinoshita et al. 2001).  Because stomata are open, transpiration occurs almost entirely in the 
light, driving water flow through the plant.  Water flow into the roots in turn drives nutrient 
uptake from the soil.  During the daytime, extra carbon must be assimilated to fuel respiration for 
cellular maintenance in the dark.  This extra carbon is typically stored as starch in the 
chloroplast, resulting in diurnal cycles of starch accumulation and depletion (Zeeman et al. 2007; 
Stitt and Zeeman 2012). 
 Environmental conditions change greatly even within the light period, as plants in the 
field experience a gradient of light quality and intensity, and fluctuating temperature, wind, and 
vapor pressure deficit on a daily basis.  Photosynthetic processes continually acclimate 
throughout the day to best capture available light and to keep energy from the light reactions and 
substrates for the carbon reactions in balance (Geiger and Servaites 1994; Reinbothe and 
Reinbothe 1996).  Because light and temperature tend to reach a peak in the middle of the day, it 
is likely that the expression of some genes may follow characteristic patterns over the course of 
the light period. 
 Soybean typically has strong diurnal variations in photosynthesis, carbohydrate 
metabolism, and nitrogen assimilation (Upmeyer and Koller 1973; Delhon et al. 1995; Rogers et 
al. 2004; Bernacchi et al. 2006).  Because carbon accumulation depends not just on peak mid-
day photosynthesis, but the daily integral of photosynthesis, the regulation of diurnal metabolic 
fluctuations has great impact on season-long yield.  Understanding transcriptional basis of 
diurnal cycles could provide insight into how carbon assimilation is, or could be, maximized 
over the entire day, rather than just at peak photosynthesis.  To date, no diurnal transcriptomic 
analyses have been performed on field-grown plants, which experience dynamic environmental 
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conditions throughout the day.  Based on known fluctuations in photosynthesis, sugar 
metabolism, and environmental conditions, we predicted that genes related to photosynthetic 
function and sugar metabolism would be likely to show diurnal changes in transcription.  Using 
RNA-seq, this study examined diurnal changes in the leaf transcriptome of field-grown soybean, 
with the goal of identifying groups of genes that may affect diurnal cycles in physiological 
function through transcriptional changes.  Genes identified as differentially regulated were 
categorized by functional group to visualize gene expression patterns for pathways.   
Materials and Methods 
Plant material and growth conditions 
Soybean cultivar 93B15 (Pioneer Hi-Bred, Johnston, IA) was planted on 27 May 2010 at the 
SoyFACE research facility in Champaign, Illinois.  Leaf tissue for RNA-seq was sampled only 
from control plots at SoyFACE, with ambient [CO2].  Four spatially separated control plots in 
the field were treated as four biological replicates, with leaves sampled from each plot at every 
time point.  Due to sampling constraints, each replicate was sampled on a different day within a 
10 day period in August 2010, when all plants were in the reproductive stage.  This design 
accounted for environmental variation among sampling days with the block term in the statistical 
model, distributed equally across time points.  The uppermost, fully expanded leaf on a plant was 
always sampled, so all samples represent leaves at the same developmental stage.  Leaves at this 
stage were approximately 10 days old.  Three whole leaflets per plot were detached and 
immediately flash-frozen in liquid nitrogen at 8:00, 11:00, 14:00, and 17:00, and subsequently 
stored at -80°C until RNA extraction.  These three leaflets were combined to create one sample 
per plot. 
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RNA extraction and sequencing 
Total RNA was extracted from whole leaflets with a method developed specifically for field-
grown soybean (Bilgin et al. 2009).  A260/A280 ratios were between 2 and 2.2 for all samples.  
Total RNA extractions were treated with the DNA-free kit (Ambion, Inc., Austin, TX) to ensure 
that samples were free of DNA contamination prior to sequencing.  cDNA libraries were 
constructed and indexed using the TruSeq RNA Sample Preparation kit, with average insert sizes 
of 361 bp (Illumina, Inc., San Diego, CA).  16 samples (four biological replicates at four time 
points) were sequenced on two randomly assigned lanes with the HiSeq2000 (Illumina, Inc., San 
Diego, CA).  On average, 51.2 million paired-end reads were generated for each sample. 
Sequence alignment and processing 
Reads were filtered for quality and mapped to the soybean genome (Schmutz et al. 2010) in the 
TopHat alignment program, version 2.0.7 (Kim et al. 2013).  TopHat is a splice-aware alignment 
tool that first aligns whole reads to the genome with the Bowtie alignment tool and then searches 
reads for potential splice junctions between exons.   Mapped reads per gene (G. max v1.1 
annotation) were counted with HTSeq (freeware, www-huber.embl.de/users/anders/HTSeq/). 
Statistical analyses 
Separate ANOVAs were fit for each gene in SAS PROC MIXED (SAS Institute, Cary, NC), in 
which sampling time was a fixed effect and block was the repeated measures subject.  This 
program was chosen because the repeated measures structure of the blocked time course data set 
is currently not readily modeled by specialized gene expression statistical packages.  Read counts 
for sample x were normalized to control variance with the equation:  
    
          
           
 
                                
                         
  . 
88 
 
P-values for each gene were corrected for multiple comparisons, and genes with corrected p-
values below 0.05 were flagged.  These genes were considered to be differentially expressed at 
different times of day and were further subjected to bioinformatics analysis.  Log2 fold changes 
for differentially expressed genes were calculated from reads per kilobase per million (RPKM) 
for each time of day (11:00, 14:00, 17:00) relative to 8:00.   
All detected genes were categorized into to functional groups using MapMan software 
(Thimm et al. 2004).  Fischer’s exact test was used to determine if each functional group had 
significantly more differentially expressed genes than the average across the transcriptome.  
Diurnal expression patterns of DE genes were also clustered by k-means with SAS PROC 
FASTCLUS based on log-normalized RPKM values.   
Results and Discussion 
RNA sequencing yielded over 820 million reads from 16 samples.  Transcription of 43,930 
soybean genes was detected during at least one time point, of which 13,273 genes were found to 
be differentially expressed (p < 0.05) among the four time points over the course of the day.  
This represents most of the 46, 430 protein-coding genes predicted in the soybean genome 
(Schmutz et al. 2010).  The percentage of genes that were differentially expressed (DE), about 
30%, is very close to the proportion of circadian-regulated genes found in the Arabidopsis 
thaliana transcriptome (Bläsing et al. 2005; Covington et al. 2008).  Of the DE genes, 4,227 
genes had at least a two-fold change in expression (log2 scale) between two or more time points.  
That this extensive a DE gene list was able to be statistically resolved implies a very robust 
diurnal response, considering the high potential for biological variation among the four 
replicates, which were spatially segregated field plots sampled on different days. 
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 Of the 43,940 genes expressed in soybean leaves during at least one of the four time 
points, 63% percent of these were also found to be expressed in soybean leaves by Libault et al. 
(Libault et al. 2010).  In the Libault study, 33,502 genes were expressed in 18-day old leaves, 
and the larger number of genes expressed in our study is likely attributable to leaf age and time 
of day.  The Libault leaves were about 8 days older than the leaves sampled in this study and 
grown in a greenhouse instead of the field, and our study sampled at four different times of day 
rather than one, increasing the likelihood of detecting genes that have diurnally-dependent 
expression.   
 Differentially expressed (DE) genes were found in 33 functional categories; 12 of these 
categories had a higher proportion of DE genes relative to the whole transcriptome, suggesting 
that these functional categories are more likely to exhibit diurnal cycles (Fig. 22).  The 
tetrapyrrole synthesis group had the highest percentage of DE genes among all categories, with 
50% of genes being DE over the course of the day, while C1 metabolism (methyl and formate 
pathways) and major CHO metabolism (comprising starch and sucrose synthesis and degradation 
pathways) were the second and third most diurnally affected gene categories, with 45% and 44% 
of genes showing differential expression.  Several categories had significantly fewer DE genes 
than expected, indicating relatively stable gene expression throughout the day, so these 
categories are likely less influenced by diurnal environmental signals and circadian rhythms.  
These more stable categories included cell wall synthesis, stress, hormone metabolism, and 
signaling. 
 Diurnal transcription patterns were examined by clustering DE genes based on log-
transformed RPKM values (Fig. 23).   Each cluster contained 30-5843 genes.  Clusters 1, 7, 11, 
and 12 show the steepest patterns of increased expression over the course of the day.  Clusters 4 
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and 8 show steeper, consistent decreases in expression, and cluster 8 disproportionately consisted 
of photosynthesis-related genes.  Clusters 2, 3, 9, and 10 showed slight increases over the course 
of the day.  Cluster 5 represents genes that are usually expressed at a very low level but showed 
increased expression at a one or two time points, and the RNA functional category, made up 
largely of transcription factors, comprised the largest defined portion of this cluster.  Cluster 6 
represented genes that are always expressed at high levels, and only a few functional categories, 
including photosynthesis, protein synthesis, redox regulation, signaling, and stress, had genes 
that showed this expression pattern.   
 GmTOC1, GmLCL1, and GmLCL2 are soybean circadian clock component genes with 
homology to TOC1, LHY, and CCA1 genes in Arabidopsis; GmLCL1 and 2 are likely 
transcription factors that negatively regulate GmTOC1 (Alabadí et al. 2001; Liu et al. 2009).  All 
three of these were found to be differentially expressed in field-grown soybean leaves in this 
study.  The expression pattern of GmTOC1 was represented by cluster 5, expressed at low levels 
in the morning but with transcript abundance more than tripling by 17:00.  The expression 
patterns of GmLCL1 and GmLCL2 were represented by cluster 1, both showing continually 
decreasing expression over the course of the day.  These transcription patterns match the 
previously observed cycles for these genes during the light period, with GmLCL1 and 2 
transcript abundance decreasing during the light period and GmTOC1 transcript abundance 
increasing toward the end of the light period (Liu et al. 2009). 
The highly diurnally affected tetrapyrrole synthesis pathway is responsible for 
chlorophyll, heme, and siroheme biosynthesis.  Chlorophyll content fluctuates on diurnal and 
circadian cycles in some plant species (Bukatsch and Rudolph 1963), and transcription and 
protein quantity of chlorophyll binding proteins also tends to increase during the day (Martino-
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Catt and Ort 1992), indicating coordination with chlorophyll synthesis and binding capability in 
the photosystems.  Diurnal regulation of chlorophyll biosynthesis is light-dependent and likely 
mediated by phytochrome signaling pathways (Ilag et al. 1994; Reinbothe and Reinbothe 1996).  
In field-grown soybean, most genes in the trunk of the tetrapyrrole synthesis pathway increased 
in expression as the day progressed, with the exception of glutamyl-tRNA reductase, which 
showed a large decrease in expression by 17:00 compared to 8:00 (Fig. 24).  Gene expression in 
the chlorophyll synthesis branch of the tetrapyrrole pathway decreases over the course of the day 
relative to 8:00 for a few enzymes, but others gene expression increases as it does for the trunk 
of the tetrapyrrole pathway.  The ratio of chlorophyll a to chlorophyll b may fluctuate over the 
course of the day in some plants (Bukatsch and Rudolph 1963).  However, while chlorophyllide 
a oxygenase (CAO), which catalyzes the conversion of chlorophyll a to chlorophyll b, decreases 
in expression over the course of the day, evidence suggests that CAO’s regulatory mechanisms 
are primarily post-transcriptional (Tanaka and Tanaka 2011), so decreasing transcription of CAO 
may not correlate with actual shifts in chlorophyll a/b ratios of newly synthesized pigment. 
Leaf carbohydrate pools typically show strong diurnal fluctuations, as starch is 
synthesized during the day when light is available for photosynthesis and broken down during 
the night to generate energy via cellular respiration, and this has been measured in field-grown 
soybean (Rogers et al. 2004; Stitt and Zeeman 2012).  The accumulation of starch during the day 
is reflected in the pattern of increasing gene expression throughout the day for most components 
of the starch synthesis pathway (Fig. 4).  AGPase, which catalyzes the entry step to starch 
synthesis, transition from glucose-1-phosphate to ADP-glucose, mostly increases in expression 
as the day progresses, except for the decreasing expression of two genes encoding subunit 2 of 
the enzyme.  AGPase is also subject to allosteric regulation and post-translational light-
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dependent redox regulation.  Starch synthase genes did not have consistent transcription patterns 
over the course of the day; expression of starch synthases 1 and 4 tended to increase over the 
course of the day, while expression of starch synthases 2 and 3 decreased (Fig. 25).  While a 
variety of starch synthase transcription patterns has been observed in Arabidopsis (Smith et al. 
2004), the magnitude of the transcriptional changes observed here in soybean are much greater.  
Starch degradation is strongly regulated by the circadian clock, which helps to ensure that starch 
stores last throughout the night (Graf and Smith 2011).  Although much of this circadian 
regulation is thought to be post-translational, there were strong decreases in gene expression in 
glucose and maltose degradation pathways, while gene expression in the degradation pathway 
via glucose-1-phosphate increases as the day progresses.  
Sucrose is exported from source leaves to be used for energy and biomass production in 
sink leaves and roots, as well as in seed filling.  Most sucrose synthesis pathway genes, including 
those encoding sucrose phosphate synthase and sucrose phosphatase, as well as sucrose transport 
proteins, were decreasing in expression as the day progresses, while the enzymes encoding 
sucrose breakdown are increasing in expression (Fig. 26).  This is opposite the pattern of sucrose 
accumulation resulting from photosynthesis over the course of the day.  However, if these 
enzymes have a half-life of several hours, this could be indicative of the leaf anticipating the 
onset of darkness. 
Genes related to the light reactions of photosynthesis show less consistent patterns over 
the course of the day (Fig. 27A-C).  The genes with the strongest increases in expression are the 
chlorophyll binding proteins of the light harvesting complex, which tend to be most highly 
expressed compared to the morning at 14:00 and then slightly less so by 17:00 (Fig. 27A, 27B, 
27C).  Chlorophyll a/b binding proteins are known to have diurnal transcription fluctuations in 
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several species, peaking around midday (Meyer et al. 1989; Martino-Catt and Ort 1992).  This 
increase in transcription of binding protein genes could be related to increased gene expression 
of many components of the tetrapyrrole synthesis pathway (Fig. 24).  However, the one-helix 
proteins of the light harvesting complex tended to decrease in expression or have very little 
change over the course of the day.  Although ATP synthesis-related genes were overall very 
stably expressed over the course of the day, chloroplast-localized ATP synthase protein I, which 
likely guides assembly of the ATP synthase complex, increased in expression over the course of 
the day. 
 Strong patterns of differential expression are visible in genes related to photosynthetic 
processes, particularly in the Calvin Cycle.  The limiting steps in this cycle are catalyzed by the 
enzymes ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco), fructose 1,6-
bisphosphatase (FBPase), and sedoheptulose 1,7-bisphosphatatse (SBPase) (Zhu et al. 2007).  Of 
these, SBPase transcription was the least diurnally affected, showing slightly lower expression at 
the end of the day (Fig. 27D-F).  Three FBPase genes tended to have lower expression in the 
afternoon compared to the morning, while a fourth became strongly over-expressed over the 
course of the day. The strongest transcription changes in the Calvin cycle were related to CO2 
fixation by Rubisco.  Although some chloroplast-encoded Rubisco large subunit genes had 
increased expression as the day progressed, Rubisco is expected to have a half-life of days and so 
diurnal transcriptional changes likely do not impact total protein content.  However, expression 
of all of the diurnally affected Rubisco activase genes decreased strongly over the course of the 
day, which likely reflects the stability of Rubisco activase.  It is expected that CO2 fixation by 
Rubisco could be down-regulated by 17:00, as PAR has often dropped below photosynthetic 
saturation by this time of day.  Thus, the decreased expression of Rubisco activase and other 
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Calvin cycle-related genes, apparent as early as 14:00, which is about when diurnal 
photosynthesis typically peaks for field-grown soybean (Rogers et al. 2004), could reflect protein 
stability and be anticipating the onset of nightfall. 
Conclusion 
This diurnal picture of the soybean transcriptome illustrates that genes in pathways either 
contributing to or depending on photosynthesis are show the greatest differential expression over 
the course of the day.  Improving photosynthesis is becoming an increasingly important demand, 
as climate change and population growth test the limits of our agricultural production capacity.  
This data set can serve as a basis for further investigation of diurnally responsive pathways and 
eventual identification of genes and transcription factors that diurnally regulate photosynthesis.   
If it is possible that diurnal variations in transcription of photosynthesis-regulating genes could 
be manipulated, this could greatly contribute to improving photosynthesis in light-limited 
conditions, and to better acclimate to changing climate.  
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Figure 22.  Percent of transcripts in each functional category showing differential expression 
over the course of the day in field-grown, fully mature soybean leaves at the top of the canopy.  
Functional categories are based on MapMan software.  Asterisks indicate functional categories 
for which the percentage of differentially regulated transcripts deviated (p < 0.05, Fisher’s exact 
test) from the percentage of differentially regulated transcripts across the whole genome (30.2%), 
represented by the dashed line. 
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Figure 23.  Differentially expressed soybean genes clustered by expression patterns over the 
course of the day.  Bar graphs (left) show the functional group representation in the cluster by 
percentage.  Cluster expression graphs (right) show the log-transformed expression value for 
each time point, from left to right:  8:00, 11:00, 14:00, 17:00.  Gene expression levels are 
indicated by both the y-axis, which is centered at 0 and extends to 9, and shading, which is black 
for log(RPKM) = 0 and bright green for log(RPKM) ≥ 3.  Pink lines in each graph indicate the 
cluster centroid.  Figure and legends continue on the following page. 
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Figure 23, continued. 
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Figure 24.  Transcript abundance in tetrapyrrole synthesis pathways over the course of the day in 
field-grown, fully mature soybean leaves at the top of the canopy.  Only transcripts with 
significant (p < 0.05) changes in abundance are displayed, with blue corresponding to over-
expression and red corresponding to under-expression.  Fold changes in gene expression are 
displayed in a log2 scale.  Each set of three transcript blocks shows the log2 fold changes in 
transcript abundance changes for 11:00, 14:00, and 17:00 relative to 8:00, from left to right, as 
demonstrated by the legend in the top right corner of the figure.   
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Figure 25. Transcript abundance in starch synthesis and degradation pathways over the course of 
the day in field-grown, fully mature soybean leaves at the top of the canopy.  Only transcripts 
with significant (p < 0.05) changes in expression are displayed, with blue corresponding to over-
expression and red corresponding to under-expression.  Fold changes in gene expression are 
displayed in a log2 scale.  Each set of three transcript blocks shows the log2 fold changes in 
transcript abundance changes for 11:00, 14:00, and 17:00 relative to 8:00, from left to right, as 
demonstrated by the legend in the top left corner of the figure.   
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Figure 26. Transcript abundance in sucrose synthesis and catabolism pathways over the course of 
the day in field-grown, fully mature soybean leaves at the top of the canopy.  Only transcripts 
with significant (p < 0.05) changes in expression are displayed, with blue corresponding to over-
expression and red corresponding to under-expression.  Fold changes in gene expression are 
displayed in a log2 scale.  Each set of three transcript blocks shows the log2 fold changes in 
transcript abundance changes for 11:00, 14:00, and 17:00 relative to 8:00, from left to right, as 
demonstrated by the legend in the top right corner of the figure.   
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Figure 27.  Photosynthesis-related transcript abundance over the course of the day in field-grown, fully mature soybean leaves at the 
top of the canopy.  Only transcripts with significant (p < 0.05) changes in expression are displayed, with blue corresponding to over-
expression and red corresponding to under-expression.  Fold changes in gene expression are displayed in a log2 scale (legend in D).  
The top row (A-C) displays the light reactions, and the bottom row (D-F) displays the Calvin cycle.  Columns indicate log2 fold 
changes in gene expression for 11:00 (A, D), 14:00 (B, E), and 17:00 (C, F) relative to 8:00.     
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CHAPTER 7 
Concluding Remarks 
The focus of this dissertation was the dynamics of soybean leaf hydraulic conductance (Kleaf) in 
response to climate change and short and long time scales.  Together, these studies revealed two 
very different patterns:  a dynamic leaf hydraulic pathway in response to diurnal cycles and leaf 
senescence, but no acclimation of the leaf hydraulic pathways to growth in changing climate 
conditions, including elevated [CO2], elevated temperature, and drought.   
 Chapter 2 examined the responses of Kleaf to growth at elevated [CO2] and temperature, 
both alone and in combination.  Kleaf did not acclimate to changes in either growth condition, 
although both photosynthesis and stomatal conductance exhibited their typical well-documented 
acclimation responses:  elevated [CO2] tends to decrease stomatal conductance and increase C3 
photosynthesis, elevated temperature tends to increase transpiration demand.  Similarly, Chapter 
3 focused on another climate change factor, drought.  Severe drought requires stomata to close in 
order to conserve water and prevent Ψleaf decline.  However, despite reductions in leaf water 
potential and stomatal conductance, Kleaf was no different for plants experiencing a soil moisture 
deficit than for well-watered plants.  In these studies, both [CO2] and temperature treatments 
were applied for the plant’s entire life cycle, but all measurements were made in ambient 
laboratory conditions.  This limits our inferences to the inability of maximum Kleaf to acclimate 
in an irreversible manner to growth conditions, leaving open the possibility that more immediate 
adjustments, i.e. by reversible aquaporin regulation, could affect Kleaf in situ.  Nonetheless, the 
inability of Kleaf to acclimate to environmental conditions in an irreversible manner suggests that 
the evolutionary balance between water transport and water loss may be disrupted in this crop 
species (Brodribb et al. 2010) as climate change progresses.   
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 Chapters 4 and 5 examined Kleaf on diurnal and seasonal time scales.  Contrary to the lack 
of Kleaf plasticity seen in response to growth at varied season-long environmental conditions, Kleaf 
fluctuated significantly both over the course of the day and with leaf age as the growing season 
progressed.  Kleaf declined at mid-day and, for one data set, began to increase again by the end of 
the day.  The similar patterns in Kleaf and leaf water potential over the course of the day suggest 
that cavitation in the leaf xylem may be responsible for the Kleaf depression.  Significant variation 
in aquaporin gene expression was also measured over the course of the day, which could 
contribute to both the decrease in Kleaf and to refilling cavitated vessels that may have begun by 
the end of the afternoon.  As leaves aged over the course of the growing season, however, Kleaf 
decline did correlate with photosynthetic decline, suggesting that maximum Kleaf is 
developmentally rather than environmentally regulated. 
 Chapter 6 undertook a diurnal analysis of the soybean leaf transcriptome using RNA-seq 
at four time points over the course of the day.  This study is among the first RNA-seq 
experiments on a field-gown crop and is the first diurnal transcriptome analysis for soybean.  
About 30% of expressed genes showed differential regulation over the course of the day.  
Tetrapyrrole synthesis, C1 metabolism, and major CHO metabolism were identified as the 
functional groups with the strongest diurnal transcript variation, while hormone metabolism, 
stress, and cell wall synthesis had the most diurnally stable gene expression.  Within the 
diurnally regulated functional categories, gene expression patterns were present that may 
contribute to diurnal patterns in metabolism. 
In many other species, Kleaf acclimates to varying environmental conditions in ways that 
keep water supply in balance with gas exchange (e.g., Bunce 1996; Silva et al. 2004; Gortan et 
al. 2009; Blackman et al. 2009; Nardini et al. 2010), although none of these studies tested field-
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grown crop species.  Soybean Kleaf was measured at ambient and elevated [CO2], ambient and 
elevated temperature, and in drought conditions, and all of these comparisons were made with 
both chamber-grown and field-grown soybean.  Kleaf did not seem to be limiting to gas exchange 
under any of the climate change-related environmental conditions investigated in this thesis.  
Furthermore, photosynthesis in field-grown soybean typically peaks around mid-day, despite the 
mid-day depression in Kleaf observed in Chapter 5.  None of these previously studied species, 
however, have been as heavily bred for agricultural purposes as soybean.  Thus, we hypothesize 
that through decades of artificial selection aimed at maximizing photosynthesis and yield, 
soybean Kleaf has been indirectly selected to be extremely high relative to evaporative demand, 
such that it likely never limits gas exchange in mature, full-sun leaves.  However, if canopy-scale 
photosynthesis is to be improved by greater light distribution throughout the canopy (Slattery et 
al. 2013), the low Kleaf in older, lower-canopy leaves may also have to be manipulated to 
maximize carbon gain.  Future work should focus on elucidating the mechanisms behind Kleaf 
decrease over the growing season, to identify specific targets for improving Kleaf in older leaves. 
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APPENDIX A 
Supplementary Information for Chapter 2 
Supplementary Table A1.  Degrees of freedom (df) and p-values for each measurement day from 
all experiments, with measurement days analyzed as individually by ANOVA in SAS PROC 
MIXED.  All [CO2] and temperature treatments were included in the models as fixed effects, and 
blocks were included in the models as random effects where appropriate.  Asterisks indicate a 
significant interaction according to alpha levels specified in Supplementary Table 2.  
Significance does not indicate direction of change, which varies for some treatments and is 
presented graphically (Supplementary Fig. 1, 2, 3, 4).   
CO2 × temperature experiment:  Kleaf  
Trial-days after planting df (Kleaf) p-value ([CO2]) p-value (temp) p-value (interaction) 
1-31 9 0.8370 0.4702 0.7713 
1-36 8 0.7611 0.1971* 0.9054 
1-43 9 0.4832 0.1310* 0.3168 
2-36 9 0.4943 0.9612 0.2377 
2-38 5 0.1853* 0.3320 0.6379 
2-43 11 0.3158 0.5706 0.9015 
CO2 × temperature experiment:  A  
Trial-days after planting df (A) p-value ([CO2]) p-value (temp) p-value (interaction) 
1-31 12 0.0014* 0.7064 0.5322 
1-36 12 0.0056* 0.8554 0.2595 
1-43 12 0.8328 0.8066 0.3396 
2-36 12 0.0013* 0.2435 0.1314* 
CO2 × temperature experiment:  gs 
Trial-days after planting df (gs) p-value ([CO2]) p-value (temp) p-value (interaction) 
1-31 12 0.3534 0.8294 0.5449 
1-36 12 <0.0001* 0.9076 0.0409* 
1-43 12 <0.0001* 0.9593 0.6133 
2-36 12 0.5515 0.6453 0.1604* 
Temperature chamber experiment 
Days after 
planting 
df 
(Kleaf) 
p-value 
(Kleaf) 
df (Ψleaf) p-value 
(Ψleaf) 
df (A) p-value 
(A) 
df (gs) p-value 
(gs) 
32 11 0.2773 18.6 0.3605 19 0.5641 19 0.0746 
39 16 0.2098 19 0.7628 19 0.3134 19 0.0364* 
41 21 0.0396* -- -- -- -- -- -- 
[CO2] field experiment 
Days after planting df p-value 
32 11.6 0.7051 
50 17.7 0.7475 
Temperature field experiment 
Days after planting df p-value 
64 18.3 0.9585 
86 17.2 0.1626 
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Supplementary Table A2.  Optimal alpha and beta values used for hypothesis testing.  Values 
were calculated according to Mudge et al. (2012); inputs were degrees of freedom from data set 
and Cohen’s f2 of 0.35, chosen a priori.  Degrees of freedom for each data set can be found in the 
upper right corner of graphs. 
degrees of freedom optimal alpha optimal beta 
5 0.28 0.34 
8 0.23 0.28 
9 0.22 0.26 
11 0.19 0.23 
12 0.18 0.21 
12.1 0.18 0.21 
14 0.16 0.19 
16 0.15 0.17 
17.2 0.14 0.15 
17.7 0.13 0.15 
18.3 0.13 0.14 
18.6 0.13 0.14 
19 0.12 0.14 
21 0.11 0.12 
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Supplementary Figure A1.  Leaf hydraulic conductance (Kleaf), photosynthesis (A), and stomatal 
conductance (gs) for the CO2 × temperature experiment.  Data is shown for individual 
measurement days.  Two trials of the experiment were run.  In the first trial, measurements were 
taken 31, 36, and 43 days after planting.    In the second trial, measurements were taken 36, 38, 
and 43 days after planting.  Growth [CO2] was 400 ppm (ambient) or 700 ppm (elevated), and 
growth temperature was 27° C (ambient) or 31° C (elevated).  Kleaf was measured for leaves 
sampled before sunrise, while A and gs were measured at midday on the previous day.  Asterisks 
denote significant treatments and interactions for individual days.  Lower-case letters indicate 
pair-wise differences between treatment combinations, where they are significant. 
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Supplementary Figure A2.  Leaf hydraulic conductance (Kleaf), midday leaf water potential 
(Ψleaf), photosynthesis (A), and stomatal conductance (gs) for the temperature-only chamber 
experiment.  Measurements were taken 32, 39, and 41 days after planting.  Data is shown for 
individual measurement days.  Daytime growth temperature was 25° C (ambient) or 30° C 
(elevated).  Kleaf was measured for leaves sampled before daytime growth lights turned on, while 
Ψleaf, A, and gs were measured at midday on the previous day.  Asterisks denote a significant 
temperature effect for individual days. 
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Supplementary Figure A3.  Leaf hydraulic conductance (Kleaf) for field-grown soybean under 
free-air [CO2] enrichment (FACE).  Data is shown for individual measurement days.  Leaves 
were sampled pre-sunrise from ambient and elevated [CO2] plots on two days.  [CO2] did not 
affect Kleaf on either measurement day.  Alpha levels for each hypothesis test can be found in 
Table 1. 
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Supplementary Figure A4.  Leaf hydraulic conductance (Kleaf) for field-grown soybean.  Data is 
shown for individual measurement days.  Temperature was ambient or elevated with infrared 
heaters (3.5° C over ambient).  Leaves were sampled pre-sunrise from control plots and heated 
plots.  Temperature did not affect Kleaf on either measurement day.   
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APPENDIX B 
Measuring soybean leaf hydraulic conductance with the evaporative flux method 
The evaporative flux method (EFM) for measuring leaf hydraulic conductance (Kleaf) was 
developed by Lawren Sack and coworkers (Sack et al. 2002).   The method has been used on 
several species, but applying this technique to soybean presented unique challenges.  The 
soybean leaf petiole has an irregular shape, with two ridges creating a crevice on the proximal 
side of the petiole (Fig. B1).  This creates difficulty in making a watertight connection between 
the petiole and the plastic tubing used for measuring water flow rate through the leaf.  Several 
methods were tested for blocking this crevice to seal the petiole-tubing connection; whatever 
material used must be able to be applied quickly and be moldable enough to thoroughly seal the 
crevice.  Petroleum jelly was the most effective, and easiest to use, product tested.   
Soybean leaves were usually sampled before sunrise, when cavitation is least likely to be 
present and leaf water potential is high.  Thus, this measurement gives the maximum Kleaf for the 
plant.  The methods published by Sack recommend placing a leaf in an airtight bag after 
sampling to prevent water loss through transpiration until measurement.  However, we found that 
even when bagged, soybean leaves desiccate too quickly to be usable for evaporative flux 
measurements by the time leaves are transported from the field to the lab.  Thus, we placed the 
cut petiole of the leaf in a tube of distilled water immediately after severing.  The petiole was re-
cut 2-4 cm from the cut end under water upon return to the lab, to remove embolism that was 
introduced during sampling, and leaves remained in water until EFM measurement.  This method 
did not allow existing embolism in leaf xylem to refill, as evident by the lower Kleaf values 
observed later in the day in Chapter 4.  The most difficult part of the EFM measurement with 
soybean is connecting the petiole to the tubing, so following are step-by-step instructions: 
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1. Cut a leaf from the plant at the base of the petiole and immediately place the petiole in tube 
of distilled water.  Transport leaves to the lab in a closed cooler. 
2. Upon returning to the lab, re-cut the petioles under distilled water with a razor blade, 2-4 cm 
from the first cut.  Leave the petiole in distilled water in the cooler until measurement. 
3. Fill a shallow dish (such as a large Petri dish) with ultrapure, degassed water.   
4. With a finger, carefully apply petroleum jelly to the crevice in the petiole for a few 
centimeters along the petiole.  Completely fill in the crevice, and level the petroleum jelly 
with the ridges on the edge of the crevice.  The petroleum jelly just needs to extend for two 
or three centimeters along the petiole (Fig. B1, B2) 
5. Wrap the petroleum jelly-covered portion of the petiole with a 1 cm wide strip of Parafilm.  
The Parafilm should stretch slightly as it is wrapped, but this must be done very gently, 
because the soybean petiole is damaged easily. 
6. Place the petiole in the water-filled dish, crevice side-down.  Slice diagonally through the 
petiole with a fresh razor blade (Fig. B3).  This ensures that the petroleum jelly is not wiped 
into the xylem as the razor cuts through the tissue, and the diagonal will make the petiole 
easier to insert into the tubing. 
7. Carry the petiole in the dish to the balance where the flow rate will be measured.  For the 
petiole connector tubing, select the smallest size that will fit around the petiole without 
damaging it.  Clear any air bubbles out of the tubing with the syringe.  Very gently, keeping 
both tubing and petiole under water in the dish, insert the petiole into the tubing.  The 
Parafilm around the petiole will be pushed up by the tubing.  Check that no petroleum jelly 
has oozed out into the tubing to block the xylem (Fig. B4).   
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8. Test the petiole-tubing seal by gently putting pressure on the syringe.  Pressure must be very 
gentle; water will squirt out of any connection if strong pressure is applied.  If no leak is 
visible, place the leaf between the two screens underneath the lighting, and turn the three-
way valve (Fig. B5) to allow the leaf to transpire water from the balance. 
The flow rate of water through the leaf is monitored on a computer screen, connected to the data 
logger.  The data logger is programmed to record the value on each of four balances every 30 
seconds, simultaneously.  The LoggerNet program allows real-time monitoring of the loss of 
water from each balance by graphing each 30-second measurement in real-time.  Soybean leaves 
typically start with a low flow rate upon first connecting to the balance, followed by a gradual 
increase to a peak flow rate after 30 to 60 minutes, as the leaf becomes acclimated to the 
temperature and light environment.  Sometimes, the flow rate hits an initial high peak within 15 
minutes of connecting to the balance, but this peak is not the maximum stable flow rate.  When 
the flow rate peaks and is stabile for about 5 minutes, the leaf temperature and water potential 
should be immediately measured and the leaf can be removed.  If this is not done quickly, the 
flow rate will again begin to decrease.  Before throwing the leaf away, either take a photo to 
calculate the leaf area later with ImageJ (freeware, National Institutue of Health) or run the leaf 
through a leaf area meter (e.g. LI3100-C, LI-COR, Lincoln, NE); Kleaf values must be normalized 
by area to be comparable among leaves. 
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Figure B1.  Cartoon of a soybean petiole cross-section outline, showing ridges on the proximal 
side of the petiole that form a crevice.  These air spaces must be filled with petroleum jelly 
before being wrapped in Parafilm to ensure a water-tight connection between the petiole xylem 
and the EFM tubing. 
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Figure B2. Soybean petiole after the crevice has been filled with petroleum jelly and it has been 
wrapped with Parafilm.  The leaf has been place in the tray with the distal side up, so that when 
the petiole is cut, the petroleum jelly in the proximal-side crevice will not wipe into the xylem. 
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Figure B3.  Soybean petiole cut through at a diagonal from the distal side with a fresh razor 
blade.  Use a swiping motion when cutting to avoid crushing the xylem.  The point created by the 
diagonal will make the petiole easier to insert into the tubing. 
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Figure B4. Soybean petiole after insertion into the Tygon tubing.  There are no air bubbles in the 
tubing, as they have been pushed out with water from the syringe.  The Parafilm has been pushed 
up around the petiole where the tubing is connected. 
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Figure B5.  Syringe connected to a 3-way valve.  The other valve outlets connect to the balance 
and the leaf.  The syringe side of the valve must be OFF during measurement to allow water to 
flow from the balance to the leaf. 
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